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Abstract

This project compares the damping and fatigue life of bare titanium plates to those
coated with magnesium aluminate spinel (mag spinel). Two different coating thicknesses
were tested: .005” per side and .010” per side (total thicknesses of .010” and .020").

Dynamic ping tests were conducted on all specimens to determine their resonance
frequencies. Laser vibrometry was used to determine the mode at each resonance
frequency. Damping ratios were determined through the use of sine sweeps. A vibration
mode was selected at which to fatigue the specimens, and the stress pattern was analyzed
utilizing the Stress Pattern Analysis by Thermal Emissions (SPATE) process. Once
characterization was compl ete, fatigue testing was conducted on the thick plates utilizing
the resonant dwell process. The specimens were vibrated by applying a harmonic
excitation through the base. The strain level which would result in fatigue at 10° cycles,
and the velocity necessary to achieve this strain were determined. The test specimens were
excited at this velocity, and the number of cyclesto failure was noted. Results were
compared for the uncoated, thin coated, and thick coated specimens.

This project demonstrated that the addition of magnesium aluminate spinel did
increase the damping of the titanium plates. The thick coating did not provide noticeably
better damping results than the thin coating at the amplitudes tested. Damping was found
to be afunction of mode shape, rather than frequency. The coating allowed the titanium
plate to withstand a greater stress at the same life as the uncoated plate, or to endure a much

greater number of cycles at the same applied force. The thick coating had a greater impact

Xii



on fatigue than the thin coating, but the thick coating was observed to flake off, while the

thin coating did not.
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THE EFFECT OF A HARD COATING ON THE DAMPING AND FATIGUE LIFE OF

TITANIUM

|. Introduction

Fatigue

In structural design, engineers ensure the anticipated loads will not exceed the
ultimate stress of the material being used. However, materials can fail at stresses well
below the ultimate stress, through fatigue. Fatigue isthe failure of material through
cyclic loading at stresses below the ultimate stress. This occurs by crack initiation and
growth. Fatigueis generally divided into two categories: low-cycle fatigue (LCF) and
high-cycle fatigue (HCF). Loads are higher under LCF, resulting in typical fatigue lives
of lessthan 10,000 cycles. Under HCF, loads are typically in the elastic range, and
fatigue lives are greater than 10,000 cycles (Grady, 1999). HCF failures occur quickly,

due to high frequency loading (Ritchie, 1999).

Fatiguein Aircraft Engines

Over the years, LCF failures in aircraft engines have been greatly reduced through
the use of fracture mechanics and a retirement-for-cause management philosophy,
leaving HCF as the primary cause of engine failures (Nicholas, 1996). Asimprovements
for increased performance and reduced weight have been implemented in engines,

operating temperatures and stresses have increased, making the HCF problem more acute



(Cowles, 1996). HCF isnot limited to any single materia or engine manufacturer, and
affects all engine components (Nicholas, 1996).

As mentioned above, fatigue is caused by cyclic loading causing cracks to grow
until the material fails. Microscopic cracks can be initiated by various phenomena,
including fretting and foreign object damage (Ritchie, 1999). Sources of loads which can
cause HCF include aerodynamic excitation caused by the gas flow through the engine;
mechanical vibrations caused by rotor imbalance or by rubbing of components, such as
blade tips against the casing; airfoil flutter caused by aeromechanical instability; and
acoustics (Cowles, 1996). Fatiguein engine blades (fan, compressor, and turbine blades),
the area of interest of this research, isthe result of stresses generated by unsteady
aerodynamic loading causing vibrations at or near resonance conditions (Shen, 2002).

While cracks typically grow at aslow rate under HCF, they can propagate to
failurein avery short time. Asan example, acrack in a20 mm thick turbine component
growing at arate of 10° m/cycle will cause the component to fail in just 30 hours of
operation, if the component is vibrating at 1,000 Hz (Ritchie, 1999). This may be asfew
as four missions for a transport aircraft, or two missions for abomber. If the component
isthinner, the crack growth rate is faster, or the frequency of vibration is higher, the time
to failure can be much less than 30 hours.

HCF failures can be grouped into two broad categories: those where the forcing
functions exceeded the anticipated design usage, and those where the material behavior
did not meet that anticipated in the design. (Nicholas, 1996) Thus, at itsroot, HCF isa
design problem. But HCF analysisis part of the standard design process for engine

components (Cowles, 1996; Shen, 1999). The design process includes structural dynamic



analysis to determine the natural frequencies and modes throughout the anticipated
operating range, and a determination of the stress distribution for each excitation (Shen,
1999). The natural frequencies are compared to those expected to be generated in the
operating environment on a Campbell diagram (see Fig. 1); the design isiiterated to avoid
strong resonance conditions. Intersections may be acceptable for higher order modes or
weak driving forces (Cowles, 1996). However, predicting the loading is not an exact
science, due to the large number of variables that go into the generation of these loads
(Shen, 1999). Thus, while HCF is considered in design, the process is not to the point

where HCF can be eliminated.
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Figurel. Example of a Campbell Diagram. Horizontal bluelinesare modes, lines
from the origin are multiples of engine RPM. Intersection points are design points
to be avoided.



Throughout the 1980s and 1990s, HCF was the single largest cause of aircraft
engine failure, resulting in lost aircraft, and the expenditure of many millions of
mai ntenance man-hours and dollars (Cowles, 1996; Garrison, 2001). Asaresult, the
High Cycle Fatigue Science and Technology Program was formed in 1994, with the goal
of gaining a better understanding of HCF in order to eliminate it as a major cause of
engine failures. Eight action teams were set up, including one focused on Passive
Damping. Among the specific component objectives of the program is “ Damp resonant

stress by 60% in fans, 20% in compressors, and 25% in turbines’ (Garrison, 2001).

Damping

Damping can be used to avoid premature fatigue by attenuating amplitudes of
oscillations and suppressing undesirable resonances (Baz, 2001). By applying a damping
material to the subject structure, mechanical energy can be dissipated by converting it to
heat energy (Ungar, 2001).

There are two main approaches in damping design: passive and active damping.
Passive damping techniques, such as the application of a damping coating, are simple and
reliable. They are generally more effective for damping out high frequency vibrations,
but are typically only effective for a small range of frequencies. Active damping
employs sensors and actuators, and can be used for low frequency excitations. Hybrid
methods combine the two approaches, to provide control over broader frequency ranges
(Baz, 2001). Engine designers have had success in employing dry friction damping

techniques to suppress low frequency vibrations (Shen, 2002). The propulsion



community has concentrated on passive damping in its search for a solution to the high
cycle fatigue problem due to the ssmplicity of the approach and its effectivenessin
attenuating high frequencies.

Traditionally, materials for damping additions have been viscoel astic polymeric
plastics or elastomers. These materials are known as viscoel astic because they have the
properties of both viscous (energy dissipating) and elastic (energy storing) materials.
High-damping metal aloys, while having better damping properties than common metals,
do not provide the same level of damping that viscoelastic materials do. However,
viscoelastic materials are generally only effective for a small temperature range (Ungar,
2001). Metals, while they do not provide the same level of damping as viscoelastic
materials, are effective over agreater temperature range. In aircraft engines, even asmall
amount of damping can have a pronounced effect, and effectiveness over an extended
temperature rangeiscrucial. Within the propulsion community, research over the past

few years has shifted from viscoel astic damping materials to metallic or hard coatings.

Hard Coatings

The damping mechanism of hard coatings has been assumed to be internal friction
between the applied coating and the surface to which it is applied. Recent laboratory test
results from the University of Sheffield and Rolls Royce plc indicate this assumption is
valid (Green, 2002). Shen (2002) observed that energy dissipated by a magnesium
aluminate spinel coating did not behave in a manner consistent with hysteresis,

suggesting that the energy dissipation may be from friction between the powder particles.



The two most common methods for applying hard coatings are air plasma
spraying and physical vapor deposition. Air plasma spray offers advantages in cost,
lower application temperatures, and fewer limitations on component size (Patsias, 2001).
Plasma spraying provides a denser, stronger coating than most other spray processes.
The high temperature of the plasma allows materials with high melting pointsto be
applied as coatings that cannot be applied by other means. Disadvantages include high
cost and the complexity of the process (England, 2002). The plasma spray processis

described below.

Magnesium Aluminate Spinel

Magnesium aluminate spinel (MgAl»O,) isapowder coating commonly applied
by plasma spray. Its properties make it useful for erosion resistance against gas streams
at elevated temperature, an important characteristic for application in gas turbine engines
(APS Materials, 2001). Torvik, et al. have reported mag spinel provides sufficient

damping to be of interest to the propulsion community.

The Plasma Spray Process

Plasma spraying is the process of applying a coating to a substrate material by
injecting a powder coating into a high temperature plasma gas and spraying it at high
velocity onto the target substrate. The plasma gas (typically argon, nitrogen, hydrogen,
or helium) converts the powder to amolten state. Asthe spray impacts the substrate, it

cools very quickly, forming a bond with the surface (England, 2002). See Figure 2.
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Figure 2. Schematic Diagram of the Plasma Spray Process (England, 2002)

When the spray chamber is occupied by the common atmosphere, the processis
air plasma spraying, which is the most typical form of plasma spraying. Occasionally,
the atmosphere can provide undesirable contaminants to the coating, and the chamber is
filled with an inert gas at low pressure. This process is vacuum plasma spraying

(England, 2002).

Objective

The objective of thisinvestigation is to determine the effect of the application of a
hard coating on the damping and fatigue life of titanium. Titanium (specifically, Ti-6Al-
4V) was selected as the base metal for this investigation because of its common usein
aircraft engine fan and compressor blades. The effects of coating thickness, frequency,
and temperature will be observed, and results will be compared to those predicted by a

finite element analysis model for selected conditions.



Related Work

Ritchie, et al. (1999) investigated crack growth in Ti-6Al-4V under HCF
conditions, and found that varying the frequency did not affect the rate of crack
propagation. They theorized frequency must influence crack initiation.

Torvik, et a. (2002) examined the damping effect of mag spinel on Hastalloy X, a
nickel-based alloy commonly found in aircraft engines, and found that the coating
provided sufficient damping to be effective in reducing vibration amplitudes in aircraft
engines. They observed that the response functions were not symmetrical about the
resonance frequency, and the resonance frequency decreases as the amplitude of the
applied forceisincreased, indicating stiffness non-linearity, or softening. (Thiswas also
observed by Shen (2002), who likewise examined mag spinel applied to Hastalloy X.)
The amount of energy dissipated by the coating was shown to be strain dependent. They
further concluded that over the first four bending modes, the level of damping obtained
was independent of frequency.

Smith (1994) studied the effect of applying coatings by plasma spray to Ti-6Al-
4V orthopedic implants, and found a decrease in high-cycle fatigue performance. He
found that increasing the bond strength between the coating and the implant did not
extend the life of the implant, but rather caused fatigue in fewer cycles. He concluded
that the metallurgical bonding created by the plasma spray process allows defectsin the
coating to propagate through to the substrate, bypassing the crack initiation stage,

allowing failure to occur at lower stress levels.



Approach

This project compares the fatigue life of bare titanium plates to those coated with
magnesium aluminate spinel (mag spinel). The test specimens were Ti-6Al-4V plates.
The material and the aspect ratio of the plates were analogous to the low aspect ratio
blades commonly found in the compressor sections of military fighter aircraft. The plates
were tested in a cantilevered boundary condition. Investigations were conducted for two
different size specimens: 5-1/4” x 4-1/4” x .050” (thin plate) and 6-1/2" x 4-1/2" x .125"
(thick plate). Thethin plate had 1.0” on the short side clamped, making the effective test
area4-1/4" x 4-1/4"; the thick plate had 2.0” on the short side clamped, making the
effective area of the test specimen 4-1/2" x 4-1/2". The coatings were applied by plasma
spray. Two different coating thicknesses were tested: .005” per side and .010” per side
(total thicknesses of .010” and .020”). Damping tests were run at room temperature and
275 F, atypical operating temperature for theinitial stages of engine compressors.
Temperature testing was al so conducted with the plate under afree-free-free-free
boundary condition to eliminate inconsistencies caused by the clamp. Testing was
conducted at the Turbine Engine Fatigue Facility, AFRL/PRTC, Wright-Patterson AFB
OH.

The test specimens were characterized by frequency, mode shape, and stress
pattern. Dynamic ping tests were conducted to determine resonance frequencies.
Holography scans and laser vibrometry were used to determine the mode shape at each
resonance frequency. Stress patterns were analyzed for two modes utilizing the Stress
Pattern Analysis by Thermal Emissions (SPATE) process. Damping ratios were

determined by conducting sine sweeps.



Once characterization was compl ete, fatigue testing was conducted utilizing the
resonant dwell process, which excites the test specimen at a known velocity (whichis
related mathematically to displacement, strain, and stress) at a selected resonance
condition until it fatigues. The specimens were vibrated by applying an initial
acceleration condition at the base. The stress and amplitude (shaker head acceleration, in
g's) to fail the baseline uncoated plate at 10° cycles were determined. The fatigue
stresses for the coated plates were then determined for 10° cycles, and the amplitudes
were compared to the baseline. Additionally, the acceleration needed to fail the baseline
plate was applied to a coated plate, and the cycles to fail were noted.

The NASTRAN finite element analysis model and PATRAN postprocessor were

used to determine the resonance frequencies and mode shapes for particular conditions.
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1. Prediction Methods

Two methods were used to predict the natural frequencies and modes of the room
temperature and bare metal titanium plates tested: mathematical modeling and computer

modeling.

Mathematical Prediction of Natural Frequenciesand Modes

When a structure is subjected to an initial condition or force which causesit to
vibrate, the amplitude of the displacement of the structure will peak at specific
frequencies, depending on the properties of the structure and its boundary conditions.
These areits natural frequencies, and the shape of the displacement function at each
frequency isthe mode. Plate theory can be used to predict the natural frequencies and the
modes at each frequency.

From Classical Plate Theory, utilizing the boundary conditions and the Rayleigh-
Ritz method, equations can be derived to obtain the upper bound for the natural
frequencies. LeissacitesYoung for the derivation (Leissa, 1969). For asguare platein

the clamped-free-free-free (cantilevered) condition, the natural frequencies are found

from:
B ./(Et
O 1)
patll-v?
where

a=length of plate
t = plate thickness
p = material density

11



E = Young's modulus
v = Poisson’sratio
B = modal constant. For the first five modes,

B, =1.01

B,=2.47

B;=6.20

Bs=794

Bs=9.01

(Harris, 1988)

Using Equation 1 and the values for B, thefirst five natural frequencies can be

mathematically determined, in radians/sec. To convert to Hertz (cycles/sec):

f =" @)

If no damping is present, the mode at each natural frequency is unique. However,
there is aways some degree of damping, which results in a superposition of all modes at
each natural frequency, with varying degrees of intensity. If damping is negligible, the
intensity of the primary mode approaches unity, and all others approach zero. If the only
damping is as aresult of the plate’sinherent material properties and the test specimenis
simple, the modes obtained experimentally will closely approximate the undamped
natural modes (Soedel, 1993). In conducting this research, it has been assumed that only
the primary mode is significant at each natural frequency.

Using the same starting point as for the frequency equation, equations to solve for

modes are derived. Mode shapes are defined by the locations of node lines. For the

12



cantilevered square plate, Leissa displayed the nodal lines of the first five mode shapes

pictorialy as:

Mode 1 Mode 2 Mode 3

Mode 4 Mode 5

Figure 3. Nodal lines of thefirst five modes, cantilever ed square plate (L eissa, 1969)

These mode shapes are first bend, first torsion, second bend, first chordwise bend, and

second torsion, respectively.

Finite Element M odeling

Finite element modeling was conducted using NASTRAN version 2000.0.1 for
the uncoated plates. Both the 4-1/4” x 4-1/4” x .050” plate (thin plate) and the 4-1/2" x
4-1/2" x .125” plate (thick plate) were modeled. The thin plate model consisted of 289
grid points and 256 QUAD4 elements; the thick plate model utilized 441 grid points and
400 QUAD4 elements. All nodes along one side were constrained in all six degrees of

freedom, representing a cantilevered boundary condition. No other constraints were

13



assumed. Titanium material properties were obtained from MIL-HDBK-5H, Dec 1998.
SOL 103 statement in NASTRAN was used to determine the natural frequencies,
incorporating the Lanczos method to solve the eigenvalue problem. The consistent mass
parameter was incorporated, which yields an upper bound on the resonance frequencies.
The first twelve resonance frequencies were requested. Relative stress values were

requested as output to determine the location of the maximum stress in each mode.

14



[11. Test Procedures

This chapter outlines procedures followed to obtain test data. Procedures used
include dynamic ping testing, sine sweeps, laser holography, laser vibrometry, stress
pattern analysis by thermal emissions (SPATE), and resonant dwell. The data collected

is presented in Chapter 1V, Results and Discussion.

Excitation Methods. Applied Load vs. Boundary Condition

Several different methods were used to excite the vibration modes in the test
specimens. These methods comprise two different approaches: applying aload directly
to the specimen, and exciting the specimen by applying an acceleration through a base
excitation at the clamped end of the plate. Loads were applied directly to the plates by
hammers (dynamic ping), air horns (sine sweep, laser vibrometry), and magnetic pulses
(sine sweep). Piezo crystals were attached to vises to apply an acceleration for some sine
sweep runs and while conducting laser holography; see Fig. 4. Piezos convert electrical
energy to mechanical force. Asapolarized electrical field is placed across a piezo, the
piezo stretches longitudinally, and shrinks through the thickness. Asthefield isreversed,
the movement of the piezo is reversed (Piezo Systems, 2002). This motion of the piezo
imparts aforce through the vise to which it is attached. The magnitude of the force
applied by this movement is dependent on the voltage of the electricity being applied
across the piezo. Shakers applied initia accelerations to the specimens undergoing

SPATE and resonant dwell.
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Each is an equally valid method of excitation. When conducting broadband
sweeps to determine resonance frequencies, modes can be missed if loads are applied at
nodal lines. Asthe shakers and piezo crystals apply loads through the boundaries rather
than directly to the plate, modes are not missed. A drawback to the boundary condition
methods is space consideration: shakers are not portable, and piezo crystals must be

attached to a bulky vise.

e -

Figure4. Piezo crystal attached to a vise, which isholding uncoated thick plate T-9.
The piezo crystal excitesthe test specimen by applying an initial condition through
the boundary.
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Test Specimens

Test specimens were plates of titanium, Ti-6Al-4V. Two different sizeswere
used. Thethin plateswere 4-1/4" x 5-1/4" x .050”, with a one-inch section to be held in
the clamping device, for an effective cross-sectional test area of 4-1/4” x 4-1/4”. Twelve
plates of these dimensions were obtained for this testing from AFRL/ML. All were cut
from the same sheet of titanium. The plates were numbered 116A-1 through 116A-12.
Two additional plates of these dimensions were obtained at a different time; these plates
were numbered B72 and B76. Upon receipt from AFRL/ML, each plate was measured
and weighed. All length measurements were within 1/32”; thicknesses (measured with a
NSK Precision Dial Caliper) were within .001”. The specimens were weighed with a
Pelouze PES mass balance. Plates 116A-3, -4, -5, and —6 weighed 80 grams, all others
weighed 82 grams.

Thethick plateswere 4-1/2" x 6-1/2" x .125", with atwo-inch section to be held
in the clamping device, for an effective cross-sectional test area of 4-1/2” x 4-1/2".
Fifteen specimens were acquired, all cut from the same sheet of titanium. The specimens
were numbered T-1 through T-15. All lengths were consistent. Weights varied from
262 g (T-1, T-4, T-6, T-13) to 268 g (T-3, T-12). Each plate was weighed twice; six of
the 15 plates had a difference of 2 g the second time. No reading was an odd number,
indicating the precision of the instrument is probably +2 g. From this data, the density of

the material was determined:

p= 3)
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_ 265[grams] /454 [grams/|bf |
- (6.5)(4.5)(0.125)

(4)

p =0.1591bf /in’ (5)

This agrees closely with MIL-HDBK-5H, which lists the density as 0.160 |bf/in®.

The magnesium aluminate spinel coatings were applied by Air Plasma Spray,
Dayton, OH. Thin coatings (.005" each side) were applied to specimens 116A-5 through
116A-8, and T-1 through T-4. Thick coatings (.010” each side) were applied to
specimens 116A-9 through 116A-12, and T-5 through T-8. Coatings were only applied
to the test areas; the thin plates had a4-1/4" x 1.0” area uncoated, and the thick plates had
a4-1/2" x 2.0 areauncoated. Plates 116A-1 through 116A-4, B72, B76, and T-9
through T-15 were left uncoated. Coated plate thicknesses were measured using a digital
caliper. Measurements were taken at each of the four corners of each plate. For the thin
plate, the target thickness was .060” for the thin coating (.050" plate + 2 x .005” coating
=.060") and .070” for the thick coating. The thin coating was not uniform from plate to
plate, or even throughout any single plate. Thickness varied from .061" to .066" for plate
116A-5; from .059” to .061" for 116A-6; from .061” to .065" for 116A-7; and .063" to
.068" for 116A-8. The quality was better on the thick coatings. Variations were: 116A-
9:.067” t0.073"; 116A-10: .067” t0 .071”; 116A-11: .069” to .071”; 116A-12: .070" to
.072". The quality of the coating application on the thick plates was very good; variation
in thicknesses was minimal. See Fig. 5. Tables 1 and 2 identify the thin and thick plates,

respectively, that were used in each of the procedures.
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Figure5. Titanium Plate Test Specimens. Top row: 4-1/4" x 5-1/4” x .050” thin
plates; bottom row: 4-1/2” x 6-1/2" x .125” thick plates. Both rows, left toright:
uncoated, thin coated, and thick coated specimens, respectively.

Tablel. Plate Usage, Thin Plates

Coating Sine
Thickness Dynamic Sweep,
Plate # (in., ea.side) Ping B&K Holography Vibrometry  SPATE Fatigue
B72 0.000 X X X X
B76 0.000 X X
116A1 0.000 X
116A2 0.000
116A3 0.000 X X
116A4 0.000 X
116A5 0.005 X
116A6 0.005 X
116A7 0.005
116A8 0.005
116A9 0.010
116A10 0.010
116A11 0.010
116A12 0.010 X X
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Table 2. Plate Usage, Thick Plates

Coating

Thickness Dynamic  Sine Sweep, Sine
Plate # (in., ea.side) Ping B&K Sweep, U-D Vibrometry  SPATE Fatigue
T-1 0.010
T-2 0.010 X X X
T-3 0.010 X
T-4 0.010
T-5 0.005
T-6 0.005 X X
T-7 0.005 X X
T-8 0.005
T-9 0.000 X
T-10 0.000 X X X X
T-11 0.000 X X X
T-12 0.000 X X
T-13 0.000
T-14 0.000
T-15 0.000

Natural Frequency vs. Resonance Frequency

The frequencies determined mathematically and by the finite element method are
the undamped natural frequencies, but the frequencies to which they are being compared
as measured in the laboratory are damped resonance frequencies. Resonance occurs
when a system is forced to vibrate at or near its natural frequency (Rades, 2001). For

viscoelastic damping, natural and damped frequencies are related by the damping ratio:

04 = 0, (1-247) (6)

(Meirovitch, 1986).

This equation does not hold for the damping provided by hard coatings. However, a
titanium plate in a cantilevered condition is very lightly damped, providing the boundary
condition is good; damping will not cause a significant shift in the natural frequency.

Thus, assuming o, = w, does not introduce any significant error into this investigation.
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Dynamic Ping Testing

Dynamic Ping is a quick method of obtaining resonance frequencies. In this
procedure, a hammer is used to tap the test specimen. This tap generates a random
excitation. An accelerometer sends aresponse signal through an amplifier to asignal
processor, which performs afast Fourier transform (FFT) on the time-dependent data to
produce a frequency response curve as output. Peak amplitudes on the curve indicate
resonance frequencies. The main advantage in using dynamic ping testing isits
portability; all equipment can be stored in two bags the size of laptop computer cases and
taken to the test specimen, rather than having to bring the specimen into the laboratory.
See Fig. 6.

The test plate had double-sided tape applied to the area to be clamped, to help
prevent slippage in the clamp and to prevent fretting. The plate was then placed between
two metal mounting blocks, each 2” x 3" x 7”. The blocks were secured by two bolts.
Three set screws were inserted through one of the blocks to apply pressure to the test
plate. Oneinch of the thin plate (two inches of the thick plate) was held within the
mounting blocks, allowing a4-1/4" x 4-1/4" area subject to vibration. The mounting
blocks were secured in avise.

An accelerometer was attached to the lower left corner of the plate, then
connected to an amplifier. A hammer was a so connected to the amplifier. The amplifier
fed into the Spectral Dynamics Bobcat signal processor, which was attached to a laptop
computer for dataanalysis. The laptop ran Bobcat Data Acquisition software, version

4.00.
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The hammer was calibrated to ensure a consistent force was being applied. The
test specimen was tapped eight times with the hammer. The software performed
ensembl e averaging; each successive tap resulted in refinement of the data. Output was
an amplitude-versus-frequency curve, with resonance frequencies at peaks of the curve.

The procedure was conducted three times, and values were averaged. The procedure was

then repeated for the thick plate.

Figure6. PCB Piezotronics Modally Tuned Hammer, the excitation sourcefor the
Dynamic Ping test. Thewireat the base transmitsthe applied force through an
amplifier to the control software for comparison to the response.
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Sine Sweeps

Sine sweeps were conducted using the Bruel & Kjaer (B & K) system, running
the PUL SE LabShop software, version 5.1. Sine sweeps are used to determine resonance
frequencies and structural damping of the test specimens. See Fig. 7.

The test specimen was loaded into mounting blocks, as in the Dynamic Ping test.
For the thin plate, a magnet was used as the excitation source. Astitanium’s magnetic
properties are low, asmall cobalt disc was glued to the plate, and the magnet pulsed the
plate through the cobalt disc. The mass of the disc was extremely small; the resultant
mass loading was minimal. The magnet was controlled by a Hewlett-Packard M odel
3325B function generator, which was attached to the B & K. An accelerometer was
attached to the plate with wax, and fed into a Kistler Type 5010 amplifier, which was

attached tothe B & K.
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Figure7. Test platein oven, set up for sine sweep at elevated temperature.
Mounting blocks are not used in this configuration.

The function generator was set for a sine sweep, the frequency range to be swept
(50-3,200 Hz), time (200 seconds), and voltage (5V peak-to-peak).

The software takes as input the signal being used to excite the test specimen as a
function of time, and the response of the plate as measured by the accelerometer asa
function of time. It compares the reference signal to the response signal, and converts
this time-dependent data into the frequency domain by conducting afast Fourier
transform. The output is an amplitude (in decibels) versus frequency (in Hertz) graph;
see Fig. 8. Resonance frequencies are at the peaks on the graph. Damping is afunction
of the shape of the curves, and is determined by the half-power method. The half-power

is calculated by dropping down three decibels from the peak and measuring the
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bandwidth (the width of the frequency curve) at that point (Meirovitch, 1986). The
damping ratio, in percent, is found from

_Aw

= 7
<=2 ™)
As an example, if the resonance frequency is 692 Hz, and the width of the curve 3 dB
below the peak is 23.9 Hz, then the damping ratio is

¢ = 239 _ 0.0173 or 1.73% (8)

2(692)

The LabShop software determines the -3 dB point, the width of the curve at this point,
and cal culates the damping ratio.

While the damping parameter output by the LabShop software is the damping
ratio, the parameter most commonly used in damping investigationsis the quality factor,
Q. Thedamping ratio is the mathematical quantity represented by £ in the equation of

motion for the common mass-spring-damper model:
X+ 20w, X+ o, x = F(t) (9)

The quality factor was devel oped by electrical engineers as a measure of the clarity of a

signa. The quality factor isinversely proportional to the damping ratio. They arerelated

by:

Q= (10)

(Meirovitch, 1986). For the examplein Eq. (10),
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1

Q= 200173 (11)
As damping increases, { increases, and Q decreases. Electrical engineers looking to
improve signal quality desire ahigh Q value, while mechanical engineerstryingto
dissipate energy from a system desire alow Q value.
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Figure 8. Broadband sine sweep of an uncoated thin Ti-6Al-4V plate. Peaksare
resonance frequencies; steepness of peaks deter mines damping.

There are eleven peaks in Fig. 8, each indicating a different resonance mode (the
high amplitude at 0 Hz is not a resonance frequency; the sweep was started at 50 Hz).
The y-scale has been converted to decibels by the software (by multiplying 20 times the
natural logarithm of the measured value), so the half-power method can be used to

determine the damping. The resonance frequencies and damping values are obtained by
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placing the cursor at each peak (the intersection of the two red linesin the figure). The
responses for the two modes below 400 Hz are very weak; the magnet does not do a good
job of excitation at low frequencies (this can be seen by examining the coherence graph,
which has not been presented here. Several examples are in Chapter 1V for the thick
plate). At just below 800 Hz, there are two peaks very close together. Visualy, it cannot
be discerned if they are separate modes, or part of the same mode. By examining the
mathematical and finite element models, as well as the mode shapes obtained through
vibrometry, we see that there are indeed two modes in thisrange. If other methods were
not available to which these modes could be compared, conducting a slow sweep over a
narrower band in this region would provide better resolution for these modes. Sharp
valleys appear at three frequencies on this graph; around 600 Hz, 1800 Hz, and 1950 Hz.
These are anti-resonance points. Anti-resonance is alocalized condition where the
system most strongly resists vibration (Rades, 2001).

For the thin plate, the sine sweep procedure was conducted twice for each plate
(uncoated, thin coated, and thick coated), and the frequency and damping val ues obtained
were averaged.

For the thick plate, an air horn was used as the excitation source. Plates were
loaded into 2" deep mounting blocks, which were held in avise. Double-sided tape was
not used. The accelerometer used was a charge-type. It was placed 1.3” up from the
clamped end, 0.3 in from the edge. The air horn was placed at about the same position
on the opposite edge of the plate, as close to the plate as possible without touching.

PUL SE version 6.1 software was used to control the procedure and analyze the data. A

function generator internal to the B&K system controlled the signal. Specimens used in
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this procedure were T-11 (uncoated), T-2 (thin coated), and T-6 (thick coated). Inthe
characterization of the thin plate, a single sweep of about 3,000 Hz was conducted on
each specimen. To observe the first ten modes of the thick plate, 6,000 Hz needed to be
swept. To ensure reasonable resolution, the sweep was divided into 400 or 800 Hz
segments. For the uncoated plate, sweeps were run at the following bandwidths: 0-400;
400-800; 750-1,150; 1,000-1,400; 1,400-2,200; 2,200-3,000; 3,000-3,800; 3,800-4,600;
4,600-5,400; 5,400-6,200. The first, second, and fourth runs were conducted at a sweep
rate of 25 Hz/sec (parameter in control software); al others were conducted at 100
Hz/sec. The slower sweep rate provides better clarity, but takes longer than the fast rate.
The faster rate was used where the better clarity was not needed. All runswere
conducted at avoltage of 3.0 volts, root-mean-square. Data was averaged five times by
the software.

Based on results from the uncoated specimen and resonance frequency data
obtained from laser vibrometry, the bandwidths of the sweeps on the thin coated and
thick coated plates were adjusted, so that the same data that took 10 runsto collect for the
uncoated plate was collected in 6 for the coated plates. The following bandwidths were
swept: 0-400; 400-800; 1,100-1,900; 3,000-3,800; 3,700-4,500; 5,000-5,800. Thefirst
two bandwidths were swept at 25 Hz/sec; all others were swept at 100 Hz/sec. All other
setup parameters were the same as for the uncoated plate.

For the thick plate, the Unholtz-Dickie 6,000-1b. shaker system was used to
conduct sine sweeps at higher amplitudes of applied force. The controlling software,
VWIN, version 4.74, was similar to the PUL SE LabShop used by the B& K system,

except that it calculated damping in terms of Q, rather than . The system could only
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scan alimited frequency range, so only the first five modes were obtained by this
method. The setup is described in the “Resonant Dwell” section of this chapter.

For elevated temperature testing, a thin uncoated plate and mounting blocks were
placed in aBlue M oven. This oven had an analog temperature control, and no window
to observe the test apparatusinside. An accelerometer was glued to the plate (the wax
used at room temperature has a melting point below the elevated temperature test point,
and thus is not an effective medium for attaching the accelerometer for thistest). The air
temperature in the oven was measured using an Omega Monogram digital thermometer.
(Attaching a thermocouple directly to the test specimen would have added mass and
damping to the specimen, resulting in skewed values for resonance frequencies. While
thisis also true of the accelerometer, there is no non-contact method of measuring
responsein this setup.) SeeFig. 7. Once 275 F was reached, the system was allowed to
soak for a period of one hour, to ensure the test specimen was at the same temperature as
the air to reduce thermal gradients and transients.

A second procedure was developed for temperature testing of the thick plates,
utilizing a free-free-free-free boundary condition. Both ends of athin wire were welded
to one of the short sides of athick uncoated plate. Thiswire was used to suspend the
plate from atest stand in an Espec oven. (As no clamp was used, the test section was 6
Y5 x  4Y%, rather than the 4 ¥%%" x 45" in the cantilevered condition. Sincetheintent is
to measure rel ative damping between three specimens of the same size in this condition,
thisisokay.) An electromagnet was used to excite the specimen. The specimen’s
velocity was measured with alaser vibrometer; the oven had a small opening in one side

through which the beam could be sent. To measure material temperature, a thermocouple
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was attached a second plate, which was identically configured and likewise placed in the
oven. Unlikethe Blue M oven, thisovenisdigitally controllable, and is capablein
reducing the temperature from ambient. The software was configured to drop the
temperature to 35 F, wait for the temperature of the material to stabilize, measure
damping at this temperature, raise the temperature 25 F and hold until stable, measure the
damping, and continue until 250 F was reached and measured. The data was analyzed
using MATLAB. The procedure was then performed on athick coated plate. See Figs. 9

and 10.

ontroller

Figure 9. Test Equipment Setup, Elevated Temperature Testing, Free-Free-Free-
Free Boundary Condition.
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ermocouple attached)

Figure 10. Test Specimen Setup (inside oven), Elevated Temperature Testing, Free-
Free-Free-Free Boundary Condition.
Laser Holography and Laser Vibrometry

Laser holography and laser vibrometry were used to identify the mode shapes at
each resonance frequency. Holography isan optical process. The system compares
images of the motionless specimen with that of the specimen being excited. When a
resonance frequency is reached, bands appear in the image, denoting relative
displacements. One face of the specimen was sprayed with Magna-Flux Spot Check
SKD-S2 Developer, awhite powder, to provide contrast and aid in viewing. The plate
was held in asimilar manner as in the sine sweep procedure: in mounting blocks, which

were held by avise. The vise was bolted to the table, and the table was floated, to
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prevent interference from other vibration sources. A black curtain was placed behind the
setup, to contrast with the white plate. A piezo crystal was used as the vibration
generator. It was attached to the vise (which means boundary imposed displacement). A
test lead connected the piezo crystal to an amplifier, which was connected to a computer
through atransformer box. In addition, aNEC model TI-324A CCD camerawas

connected to the computer. The control software was PCHOLO. SeeFig. 11.

/ e - e

Figure11. Laser holography setup. Cameraisin foreground, test plateisin front
of curtain.

Holography was only conducted on the thin plate. The mode shape information

obtained from the holography procedure can also be obtained from the vibrometry
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procedure, which is easier to conduct, is more precise (asit is a quantitative procedure,
while holography is qualitative), provides clearer pictures, and also provides three-
dimensional video of the mode shapes. Thus, vibrometry was conducted in lieu of
holography for the thick plate.

Vibrometry is a non-contact procedure, where a laser is used to determine and
map the velocity of avibrating object at discrete points. The Laser Doppler Vibrometry
system utilizes the concept of interferometry to measure the velocity (and displacement)
of the vibrating object. Interferometry isthe optical interference between two coinciding
light beams. The intensity of the coincident beam is a function of the phase difference
between the two individual beams (in this case, the reflected or modified beam, and the

reference beam):

|(Ag) = = (1+ cosAg) (12)

The phase shift isrelated to the path difference by:

Ad =21 ~A7" (13)

where X is the wavelength of the laser and the path difference, AL, isafunction of time if
one of the beams is scattered back from a moving object. The reflected beam also

undergoes a Doppler shift in its frequency, which is afunction of the object’s velocity:
f, = Z-M 14
0=2"1 (1)

(Polytec Laser Doppler Vibrometer User Manual)
The vibrometry system determines the velocity of the vibrating object from the

Doppler shift and the known wavelength of the laser. Given the right software, it can
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al so determine displacement by measuring the intensity of the beam and the phase
difference. This softwareisnot available in the Turbine Engine Fatigue Facility.

The Polytec Laser Doppler Vibrometer system is comprised of two parts. the
controller (OFV-3001) and the sensor head (OFV-303.8). See Figure 12. Two types of
sensor heads are available: single point and scanning lasers. When velocity isused asa
control parameter in atest (such asthe elevated temperature testing in Fig. 9, or fatigue
testing), the single point laser isused. The scanning laser is used to find velocities at
multiple points on the specimen, which is what is needed to determine mode shapes. Test
parameters are input to the controller, which controls the sensor head. The sensor head
generates the beam, which is split into the reference beam and the object beam. The
object beam isreflected off of the test object and returned to the sensor head as the
modified beam. It is combined with the reference signal and sent to the controller, which
compares the frequencies and phases and calculates velocities and displacements. This
procedure is repeated for 25 points on the test object (5x5 grid), with the result being a
map of the velocity as a function of position along the object.

One specimen from each group (thick and thin plates; uncoated, thin coated, and
thick coated) went through the vibrometry procedure. The air horn was used as the
excitation source. A broadband sweep (to 3,000 Hz for the thin plates, to 6,000 Hz for
the thick plates) was run first to locate the resonance frequencies, then afast scan
procedure (shorter time, narrower frequency band) was run at specific frequencies to
generate better detail for modes of interest. For the thin uncoated plate, fast scans were
run at each of the first eight modes; for the other specimens, fast scans were only run for

the third (second bending) and fourth (first chordwise bending) modes.



Figure12. Laser Vibrometry setup. The sensor head ishung overhead. The beam
reflects off of themirror to thetest specimen, and returnsto the sensor head the
same way.
SPATE

SPATE isathermal imaging system. Asacyclicload is applied, atemperature
gradient develops across the plate. The SPATE system senses the minute temperature

differences, makes a comparison to areference load signal, and determines and maps the

peak-to-peak sum of the principa stresses (Gucfa, 1986).
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In the Holography process, the test specimen needed to be white to provide a
useable image; for SPATE, it needs to be black. The white powder coating applied for
Holography was removed, and the specimen was sprayed with aflat black enamel.
Double-sided tape was applied to the area of the plate to be clamped. The plate was
loaded into mounting blocks attached to aMB Dynamics 100-pound shaker; which
applies an acceleration to the plate through the base; see Figure 13. An accelerometer
was attached to the plate with wax, ¥2" up from the clamp, %2’ in from the edge. The
accelerometer fed into an oscilloscope, through an amplifier. The resonance frequency
was refined by maximizing the amplitude of the response signal on the oscilloscope. The
shaker was controlled by a Hewlett-Packard model 3325B function generator, which was
connected to the shaker through a power amplifier. The function generator also sends a
reference signal to the SPATE controller, a desktop computer with Delta Vision version
11 software installed and running. The function generator was set to generate asine
wave. The frequency input to the function generator was selected to generate a resonance
condition according to the results of the sine sweep, then was adjusted to maximize the
amplitude on the oscilloscope. The Delta Vision software controlled the optical
equipment, which was also made by DeltaVision. See Figure 14.

In executing the process, the camera scans the test area of the specimen, and the
software produces a colored map of the stress along the plate. In order to calibrate the
scale of the map to determine the principal stresses at any point, it is necessary to
measure the strain by attaching strain gages (Gucfa, 1986). For the work conducted in

thisthesis, it was only necessary to evaluate stress patterns; strain was not measured.

36



Figure 14. Delta Vision SPATE Optical System.
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Resonant Dwell

Resonant dwell was conducted on the thick plate specimens for the two-stripe
mode using a 6,000 Ib. shaker. The two-stripe mode has aregion of high stress at the
edge opposite the clamp, which is characteristic of high order modes. The target
endurance limit was 1,000,000 cycles. The fatigue limit stress was determined to be 77
ks for 1,000,000 cycles from a constant life diagram (Henry, 1995). Valuesfor Young's
modulus, Poisson’sratio, and density for Ti-6Al-4V were found in Mil-Handbook-5H.

The strain at failure was determined by Hook’ s Law:

o =Ee¢ (15)
77,000 = (16 x 10%)¢ (16)
€ =0.0048 in/in, or 4,800 microstrain (ue) (17)

Estimated time to failure was calculated by dividing the target endurance limit by the
frequency at which the specimen would be excited.

. 1000000
1600

=625 sec, = 10.4 min. (18)

The test specimen was clamped between two mounting blocks, which were bolted
horizontally to the shaker. See Figure 15. A laser was used to measure the velocity of
the specimen. The laser vibrometer sensor head was hung from a frame above the
specimen, and leveled. It was aimed at areflective target attached to the specimen near,

but not on, anodeline. For the two-stripe mode, this target was placed 3.0 down from
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the edge opposite the clamp, and 0.50” in from one side. An accelerometer was fixed to
the base plate of the shaker. A strain gage was attached to the specimen at the anticipated
point of maximum stress, as determined by SPATE. See Fig. 16. The system was
controlled by Unholtz-Dickie VWIN software, version 4.74.

A sine sweep was run to determine the resonance frequency. Astheresponseis
non-linear (not symmetric about the resonance frequency), the sweep was run down,
rather than up. The SmartOSC routine was run, which controls the resonant dwell
process. The frequency was set at the determined resonance frequency. Theinitial
acceleration condition at the clamp was varied, and the velocity and strain were measured
at each setting, until the strain gage failed. At each acceleration, the frequency was
varied to maximize the response. Displacement was determined by:

Vv

5= (19)
w

where
d = displacement
v = velocity
o = frequency, in radians/sec

From this data, a strain vs. displacement relationship was graphed; the curve was linear,
and the displacement at the target failure strain of 4,800 pe was determined using the
slope of the line. The velocity needed to generate 4,800 pie was determined from the
displacement. Using the VWIN software, the acceleration of the shaker was increased
until this velocity was reached. The resonance frequency was monitored. Asthe

specimen began to fatigue, the resonance frequency dropped. The frequency of the
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excitation force was manually altered to maintain the resonance condition. Failure
occurred when the target velocity could no longer be maintained.

To compare the coated plates to the baseline uncoated, the coated plates were
excited at the same velocity as the uncoated, which results in an equivalent displacement,
and thus an equivalent strain. Asthe strain isthe basis for the fatigue of the material, itis
anticipated the titanium alloy will fatigue at the same stress when coated asiit did when
uncoated. However, as the coating increases the damping, it is anticipated more force
will be required to displace and strain the plate with the coating added than was required
for the uncoated specimens. Asforce varies linearly with acceleration, and the massis
not changing significantly, comparing the change in acceleration between the specimens
is equivalent to comparing the applied force. It should be noted that the acceleration is
being measured at the boundary, not on the specimen; the value of the acceleration
cannot be used to evaluate the force at any point on the specimen. However, as the intent
isonly to compare similar specimens to each other, and the boundary conditions are the

same between trials, this limitation on the acceleration is acceptable.
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Figure 15. Thin test plate mounted on 6,000 Ib. shaker.

Figure 16. Strain-gaged thick plates. Left plateisgaged for testing at two-stripe
mode; right isgaged for testing at second bend mode.
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Initially, fatigue testing was conducted on the thin plates. However, the amount
of energy needed to fatigue these plates could not be generated by the equipment
available, so the thick plates were substituted.

Strain gages were not attached to the coated plates. The gages did not bond well
to the coating, and in this configuration, they would not measure the strain in the plate,
but rather the strain in the coating. Thus, the strain-displacement curve generated for the

uncoated plates was used for the coated plates, as well.
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V. Resultsand Discussion

Resonance Frequencies

Resonance frequencies were determined by dynamic ping testing, sine sweeps,
and laser vibrometry, and were compared in certain cases to the natural frequencies
predicted by Classical Plate Theory and the finite element analysis model. (Asnoted in
Chapter 111, the difference between undamped natural and damped resonance frequencies
isinsignificant for lightly damped titanium.) Determining the exact value of each
resonance frequency by any of these methodsis not an end unto itself. What is of interest
is the mode shape and damping at each mode, and the comparison of the resonance
frequencies of the uncoated plates to those of the coated plates. Classical Plate Theory
gives the theoretical values for the uncoated plates, but only for the first five modes. If
there is good correlation between the theoretical values and the values predicted by finite
element analysis, the finite element predicted values can be used as a benchmark for
comparison of the experimental values.  The variation between the resonance
frequencies determined from experimentation and the theoretical valuesis aresult of
experimental differences, such as varying boundary conditions.

The resonance frequency is determined from peaks on a frequency response curve
for each of the three experimental methods. In dynamic ping and sine sweeps, peaks can
be generated by noise and shadows of natural modes (which can occur at multiples of
resonance frequencies), as well as actual modes, and there is no way to differentiate
between the actual modes and the noise or shadows. The vibrometry procedure yields

not only the resonance frequency, but also the mode shape. Thus, noise and shadows can
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be filtered out by checking the shape at each peak on the frequency response curve. A
true mode will provide arecognizable shape. By comparing the dynamic ping and sine
sweep results to the vibrometry results, the vibrometry results can be used to eliminate
extraneous peaks from the other two test methods.

Theory and Finite Element Analysis. Thefirst twelve natural frequencies as
determined by NASTRAN are compared to mathematical predictions from Classical
Plate Theory (first five frequencies) and test data for the uncoated thin and thick platesin
Tables 3 and 4, respectively. The mesh in the finite element model was fine enough to
provide results within 2% of the theoretical values for both the thin and thick plates.
Thus, it is probably safe to assume the other seven modes determined by the finite
element model are fairly accurate representations of the modes predicted by theory.
Experimentally-Deter mined Resonance Frequencies. Frequency was varied from 50
to 3,200 Hz for the thin plate, and from 50 to 6,000 Hz for the thick plate. For the thin
plate, twelve natural frequencies were identified in the range. The variation between the
resonance frequencies found in test and those predicted by the finite el ement model are
within 10%, with afew exceptions. Variation was found between test runs, as well.
These variations can be attributed to several factors, the primary one being the boundary
condition created by the clamp. The type and size of clamp used, and the torque applied
in tightening the bolts on the clamp made a significant difference in the resonance
frequencies obtained.

Effect of Plate Thickness on Resonance Frequency. Comparing the results obtained
from laser vibrometry, adding the thin coating caused an increase in resonance

frequencies of 5 to 16% from the uncoated plate; the thick coating added an additional 2



to 6% increase above the thin coated frequencies. Results were not as consistent with
the sine sweep method; in some cases, increasing the thickness caused the resonance
frequency to decrease. The magnitudes of the changes between the thin coated and
uncoated plate resonance frequencies were much lower in the sine sweep characterization
than they were when determined by vibrometry. While in the vibrometry, the increases
were 5% or more, the magnitude of the change in the sine sweep method was less than
2% for 11 of the 12 modes. The frequency changes between methods were much more

comparable going from the thin coated to the thick coated plate. See Tables5 and 6.

45



Table3. Comparison of predicted to measured natural frequenciesfor the
4-1/4" x 4-1/4” x .050” uncoated thin plate. Frequenciesarein Hz.

Mathematical | Finite Element | Test Results -

Test Results -

Test Results -

Mode # @ Calculation Method Dynamic Ping | Sine Sweep Vibrometry
1 92.0 91.2 90 82 76
2 225.0 221.7 214 199 206
3 564.8 560.1 529 501 490
4 723.3 714.8 742 706
5 820.7 810.0 765 756 758
6 1,414.8 1,350 1,388 1,324
7 1,631.5 1,570 1,404
8 1,699.7 1,670 1,668 1,634
9 1,880.2 1,800 1,850 1,804

10 2,441.5 2,400 2,429 2,308
11 2,546.3 2,660 2,462
12 3,216.8 2,940 2,893

Table4. Comparison of predicted to measured natural frequenciesfor the
4-1/2" x 4-1/2" x .125” uncoated thick plate. Frequenciesarein Hz.

Mathematical

Finite Element

Test Results -

Test Results -

Test Results -

Mode #  Calculation Method Dynamic Ping Sine Sweep Vibrometry
1 205.2 203.1 180 198 188
2 501.7 492.2 450 480 465
3 1,259.4 1,242.9 1,100 1,202 1,147
4 1,612.8 1,586.0 1,600 1,633 1,610
5 1,830.2 1,792.5 2,230 1,742 1,685
6 3,122.7 2,930 3,098 3,024
7 3,592.0 3,215 3,487 3,319
8 3,749.3 3,550 3,781
9 4,135.3 3,970 4,121 4,051

10 4,576.5
11 5,364.9 5,175 5,439 5,339
12 5,585.8
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Table5. Resonance Frequencies Obtained by Sine Sweeps, Room Temperature,

Thin Plate
®, Uncoated  ®, Thin Coated ®, Thick Coated
Mode # Plate (Hz) Plate (Hz) % Diff Plate (Hz) % Diff
1 82 81 -1.8 78 -3.7
2 199 212 6.5 223 5.2
3 501 499 -0.4 507 15
4 742 744 0.2 763 2.6
5 756 764 1.1 803 5.1
6 1,388 1,394 0.4
7 1,465 1,470 0.4
8 1,668 1,684 0.9 1,759 4.5
9 1,850 1,852 0.1 1,917 3.5
10 2,429 2,470 1.7
11 2,462 2,497 14 2,568 2.8
12 2,893 2,851 -1.5 2,896 1.6
13 3,165 3,105 -1.9

Table 6. Resonance Frequencies Obtained by Laser Vibrometry, Room
Temperature, Thin Plate

®, Uncoated ®, Thin Coated ®, Thick Coated
Mode #  Plate (Hz) Plate (Hz) % Diff Plate (Hz) % Diff
1 76 88 15.8 90 2.3
2 206 224 8.7 238 6.3
3 490 544 11.0 568 4.4
4 706 756 7.1 784 3.7
5 758 818 7.9 856 4.6
6 1,324 1,470 11.0 1,544 5.0
7 1,404 1,576 12.3 1,626 3.2
8 1,634 1,770 8.3 1,856 4.8
9 1,804 1,892 4.9 1,960 3.6
10 2,308 2,604 12.8 2,658 2.1
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Mode Shapes

The PATRAN plots of the first five mode shapes for the thin plate are Figs.17
through 21. Node lines appear in black, and are in the areas predicted by Classical Plate
Theory; see Fig. 3in Chapter 1.

Holography. Holography images for the thin uncoated plate arein Figs. 22 and 23. Six
of the first 8 modes are represented; the torsional modes (modes 2 and 5) were not
detected by this procedure. In the holography images, white bands are the node lines.
Modes 1, 3, and 4 in Fig. 22 can be compared to the PATRAN imagesin Figs. 17, 19,
and 20, respectively. The node linesin modes 3 and 4 in Fig. 22 arein similar places on
the plate asin Figs. 19 and 20. As expected for the first bending mode, no node line
appearsin thefirst modein Fig. 22.

Vibrometry. The vibrometry images are not true mode shapes, in that vibrometry is not
measuring displacement, but velocity. In the vibrometry images, the colors represent
magnitudes of velocity. Thus, thereis not adirect correlation between the PATRAN
plots and the two-dimensional vibrometry images.

Figs. 24 and 25 show the first eight modes of the thin uncoated plate, as viewed
by vibrometry. Nodal lines are not always apparent. In severa of the images, the node
lines appear as thin white bands. For example, in the first torsion image in Fig. 24, the
shape is twisting about the center line running vertically through the plate (which appears
in whitein the image). If the left half is displaced above the plane, theright half is
below. Thisdisplacement is not evident from the image; the image only shows that the
areas nearest the center line (in green) have the same magnitude of velocity, and the areas

of the plate in the free corners (in red) have equivalent velocity magnitudes. By
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comparing the imagesin Figs. 24 and 25 to the corresponding modesin Figs. 22 and 23,
it can be observed that for even images (those whose mode shapes are symmetric about a
center line), nodes appear as dark bands. Examples are first chordwise bend, third bend,
and third chordwise bend. For odd images (those whose mode shapes are anti-symmetric
about a center line), the node lines can be found by bisecting the low velocity region.
Examples are second bend and second chordwise bend.

The best way to compare vibrometry to the finite element mode shapesis by
observing the three-dimensional vibrometry images. Figs. 26 and 27 are three-
dimensional images of the second bending and two-stripe modes, respectively, for the
thick uncoated plate. In both images, the dark bands are node lines. In Fig. 26, the red
area has alower velocity magnitude than the green; in Fig. 27, the green area has alower
velocity magnitude than the red. These images display similar shapes to those in Figs. 19
and 20.

Fig. 28 is comprised of several vibrometry images, and compares the change in
shapes of the second bending and two-stripe modes for the thin plate as coating thickness
varies. Green areas in the images have alower relative velocity magnitude compared to
the red areas (except for the uncoated two-stripe image; the colors have been reversed in
thisimage). In the second bend mode, white or lighter green bands are node lines. The
thin coated plate in second bend is missing ared band across the middle of the plate that
appears in the other two second bend images. Thisislikely the result of an uneven
coating, which could cause uneven stress across the plate. For the two-stripe mode, the

dark areas between the red and green are areas of zero velocity and zero displacement
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(node lines) for the uncoated and thin coated plates; the node lines appear in whitein the
image for the thick coated plate.
There is no significant change in the mode shapes between the thin and thick

plates.
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Figure17. Thin Plate Mode 1, First Bend, ® =91.71 Hz.
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Figure 18. Thin Plate Mode 2, First Torsion, @ = 219.47 Hz.
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Figure 20. Thin Plate Mode 4, First Chordwise Bend, ® = 708.28 Hz.
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Mode 1: 1% Bend, 92 Hz

Mode 3: 2" Bend, 535 Hz Mode 4: 1% Chordwise Bend, 751 Hz

Figure 22. Threeof thefirst four modes, thin uncoated plate, viewed by holography.
The clamped edgeis at the bottom.



2" Chordwise Bend, 1358 Hz

39 Bend, 1583 Hz 3" Chordwise Bend, 1678 Hz

Figure 23. Modes 6 through 8, thin uncoated plate, viewed by holography. The
clamped edgeis at the bottom.
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1% Bend, 76 Hz 1% Torsion, 206 Hz

2 Bend, 490 Hz 1% Chordwise Bend, 706 Hz

Figure 24. First four modes, thin uncoated plate (Plate 116A3), viewed by vibrometry
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2" Torsion, 754 Hz 2" chordwise bend, 1324 Hz

3" Bend, 1404 Hz 3" Chordwise Bend, 1634 Hz

Figure 25. Modes5 through 8, thin uncoated plate (Plate 116A3), viewed by vibrometry
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Figure 26. Second Bending M ode, Thick Uncoated Plate

Figure 27. First Chordwise Bending M ode, Thick Uncoated Plate
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Figure 28. Second Bend and First Chordwise Bend for the Thin Plate; Uncoated
(top), Thin Coated (middle), and Thick Coated (Bottom)
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Stress Analysis

Stress analysis was conducted on the second bending and first chordwise bending
modes of the thin plate using SPATE. Resultsarein Figs. 29 and 30, respectively. The
color scaleisin volts, but can be converted to strain or stress. In Fig. 29, the blue areas
are the areas of highest stress; in Fig. 30, the scale is reversed, and the white/yellow areas
are the high stress areas. Based on these images, strain gages were placed near the
clamped edge for the second bend fatigue test, and at the center of the edge opposite the
clamp for the two-stripe fatigue test. It was eventually decided that second bending was

not to be studied.
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Figure29. SPATE Scan, 2" Bending Mode. Figureisrotated 45 degrees clockwise,
so the clamped end goes from the bottom of the pictureto theleft side.

Figure 30. SPATE Scan, 1% Chordwise Bending (Two-Stripe) Mode
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Damping

Damping was determined by conducting sine sweeps on uncoated, thin coated,
and thick coated test specimens using the Bruel & Kjaer system. The PUL SE Labshop
software compared the response signal to the reference signal, performed a fast Fourier
transform, and graphically displayed the results in the frequency domain. The amplitude
of the graph was presented in decibels. At resonance, the amplitude peaked; the
steepness of the peak was an indication of the damping for that mode. The damping was
determined by the software using the half-power method.
Thin Plate. For the thin plates, a magnet was used as the excitation source. Results are
in Tables 7 through 10, and are depicted graphically in Fig. 31. The damping ratio, C, as
determined by the LabShop software, has been converted to the quality factor, Q, the
preferred method of measurement in the damping community. As expected, the mag
spinel coating caused an increase in the damping ratio, and the thicker coating had more
of an effect than the thinner one. Damping increased between the uncoated and thin
coated plates for 10 of the 12 modes measured; 6 of the 10 increases were better than
25%. When going from the thin to the thick coating, damping increased for every one of
the 10 modes; 8 of these were better than 20%, and 6 were better than 40%. Q values
cannot be compared between modes, as Q is dependent on strain, and the strain is

different between modes for the same applied force.
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Table7. Damping values obtained from sine sweep procedure, thin uncoated plate.

Trial 1 Trial 2

Mode  on(H2)  C(%)  o,(H)  §(%) | &(avg) Q
1 82 1.32 82 1.310 1.315 38
2 199 0.575 200 0.592 0.584 86
3 501 0.301 502 0.309 0.305 164
4 742 0.165 742 0.167 0.166 301
5 756 0.175 756 0.183 0.179 279
6 1388 0.135 1389 0.124 0.130 386
7 — — — — — —
8 1668 0.115 1668 0.117 0.116 431
9 1850 0.076 1851 0.076 0.076 658
10 2429 0.177 2431 0.178 0.178 282
11 2462 0.083 2463 0.082 0.083 606
12 2893 0.202 2895 0.191 0.197 254
13 3165 0.199 3166 0.181 0.190 263

Table 8. Damping values obtained from sine sweep procedure, thin plate, thin
coating.

Trial 1 Trial 2

Mode  on(H2)  C(%) o (H)  §(%) | &(avg) Q
1 80 1.36 81 1.35 1.355 37
2 212 0.585 212 0.561 0.573 87
3 498 0.32 500 0.32 0.320 156
4 743 0.191 744 0.176 0.184 272
5 763 0.244 765 0.234 0.239 209
6 1393 0.218 1395 0.2 0.209 239
7 1463 0.283 1466 0.291 0.287 174
8 1682 0.25 1685 0.244 0.247 202
9 1852 0.082 1852 0.086 0.084 595
10 2469 0.162 2471 0.158 0.160 313
11 2496 0.153 2497 0.152 0.153 328
12 2848 0.21 2854 0.345 0.278 180
13 3104 0.305 3106 0.31 0.308 163
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Table9. Damping values obtained from sine sweep procedure, thin plate, thick

coating.
Trial 1 Trial 2

Mode  on(H2) ¢ (%) on (H2) ¢ (%) ¢ (avg.) Q
1 77 1.67 78 1.61 1.640 30
2 223 0.613 223 0.612 0.613 82
3 505 0.771 508 0.703 0.737 68
4 762 0.341 764 0.318 0.330 152
5 802 0.403 804 0.396 0.400 125
6 _— _— _— _— _— _—
7 1470 0.368 1470 0.363 0.366 137
8 1758 0.612 1760 0.573 0.593 84
9 1917 0.114 1917 0.114 0.114 439
11 2567 0.283 2568 0.272 0.278 180
12 2889 1.34 2903 131 1.325 38

Table 10. Comparison of damping results from sine sweep procedure, thin plate. A

decreasein Q valueisan increasein damping.

uncoated thin coated thick coated
Mode Q Q % Decrease Q %Decrease
1 38 37 3.0% 30 17.4%
2 86 87 -1.8% 82 6.4%
3 164 156 4.7% 68 56.6%
4 301 272 9.5% 152 44.3%
5 279 209 25.1% 125 40.2%
6 386 239 38.0%
7 174 137 21.5%
8 431 202 53.0% 84 58.3%
9 658 595 9.5% 439 26.3%
10 282 313 -10.9%
11 606 328 45.9% 180 45.0%
12 254 180 29.2% 38 79.1%
13 263 163 38.2%
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Figure 31. Damping vs. frequency, room temperature, thin plate

Thick Plate. For the thick plates, an air horn was used as the excitation source. Figs. 32
though 35, 36 through 38, and 39 through 41 present the power spectral densities
containing the first five modes of the uncoated, thin coated, and thick coated test
specimens, respectively. Asin Fig. 8 in Chapter |11, the peaks in these graphs occur at
resonance frequencies, and the width of the curve 3 dB down from the peak determines
the damping. Figs. 32, 36, and 39 also depict coherence. Coherence is a measure of the
response signal to the input signal at each frequency. At frequencies above 400 Hz the
coherence is unity (indicating the input signal is being returned) for each of the uncoated,
thin coated, and thick coated plates. Below 400 Hz, the signals are noisy, except around
the resonance condition. The uncoated plate has better coherence than the thin coated
plate, and the thick coated plate has the poorest coherence. In general, the coherence of a
signal generated by the air horn is poor below 400 Hz, because the signal is weak at these

frequencies. However, the coating degraded the coherence, indicating either the coating

65



isinterfering with the reference signal (which must pass through the coating to excite the
titanium), or it is preventing the accelerometer from picking up the response.

Figs. 32, 36, and 39 depict the first mode (1% bend). Amplitudes are not very high
for thismode. Figs. 36 and 39 also have several single point spikes. These are not
resonance modes, but aresult of the noisein the signal. Figs. 33, 37, and 40 depict the
second mode (1% torsion). Fig. 37 aso has avery distinct anti-resonance at around 635
Hz. A lessdistinct anti-resonance condition can be seen at the same frequency in Fig. 40.
Figs. 34 and 35, 38, and 41 contain modes 3 through 5 (2™ bend, 1% chordwise bend, and
2" torsion). The 3 and 5" modes are very strong; the 4™ mode has less amplitude, and
isvery closein frequency to the 5" mode. When conducting a broader sweep, it was not
clear whether thiswas a distinct mode, or part of mode 5. Thiswas amagjor part of the
motivation for conducting several narrower sweeps, rather than a single broad sweep.

Resonance frequencies and damping ratios were determined from these graphs
(and others containing modes 6 through 10, which are not presented here), and are
recorded in Tables 11 through 13, along with calculated Q values. Table 14 compares the
Q values contained in Tables 11 through 13 by mode. Figure 42 shows the datain Table
14 graphically.

It was anticipated that the results of this experiment would show that the
application of mag spinel would increase the damping over the uncoated plate, and the
thicker layer would dissipate more energy than the thinner layer, as was seen in the thin
plate. Based on the datain Table 14 and Fig. 42, the results of this experiment must be
characterized as inconclusive. While modes 1, 2, and 7 behaved as expected, modes 3

and 9 showed exactly the opposite of the premise (decreased damping from uncoated to
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thin coated, and again from thin coated to thick coated), and all of the other modes were
mixed.

Previous work done by Torvik et a. (2002) has shown the relationship between
damping and the amplitude of the strain to be non-linear. 1t may be that the force applied
in this experiment did not generate enough strain in these lightly damped plates for the
coatings to dissipate any additional energy. Another possibility isthe sweep rates were
too fast (25 Hz/sec, 100 Hz/sec) to accurately characterize the damping.

A second approach used the Unholtz-Dickie (U-D) 6,000 |b. shaker as the
excitation source for determining damping values for the thick plate. The shaker hasthe
capability to apply more force to the test specimens than the air horn could. Sweep rates
were drastically reduced (2 to 12.5 Hz/min, compared to 25 or 100 Hz/sec). Figs. 43
through 47 display the power spectral densities which were used to determine the
damping values for the uncoated plates. Data collected during these tests is summarized
in Tables 15 through 17 for the uncoated, thin coated, and thick coated specimens,
respectively. Comparisons are made in Table 18 and displayed graphically in Fig. 48,
and show a marked increase in damping from uncoated to the thin coated specimen (40%
to 74% decrease in Q values), but not a significant difference between the thin and thick
coated specimens (3 increasesin Q, 2 decreases, all within 12 %). In comparing Q values
between the B&K and U-D systems, (Tables 14 and 18; Figs. 42 and 48), it is observed
that for 13 of the 15 data points (three specimens, 5 modes each), the damping was better
(lower Q values) for the U-D system. Thisindicates that damping may be a function of
the excitation force. To test thistheory, a second set of sweeps were accomplished using

the U-D system, with an increase in shaker head acceleration over the first set. Initial
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testing was conducted at a shaker head acceleration of 1.0 g’'s for al modes except mode
4 (1% chordwise bend). The vibrometer reading was taken too close to anode line for this
mode to get a strong enough return at 1 g, so itsinitial test was conducted at 10g's. The
second trial was conducted at 10 g's, except for mode 4, which was conducted at 20 g's,
and the uncoated plate modes 1 and 3, which were conducted at 5 g's. Of the 12 points
tested (five modes uncoated plate, 4 modes thin coated plate, 3 modes thick coated plate),
10 displayed increased damping (decrease in Q) over the lower acceleration trials; see
Table 19. Thisindicates that damping isindeed a function of the excitation force.

In thiswork, the applied force was held constant as coating thickness was
increased from 0 to .010” to .020”. Thus, if the Q value decreases between thickness
trials, it isfair to say the strain decreased for that mode and applied force. AsQ varies
with strain, and strain is different between modes for the same applied force, comparisons
cannot be made between modes without knowing the strain. Likewise, in order to predict
the damping behavior within a mode going from a known excitation force to a higher
unknown force, the strain must be known at the higher force.

To make comparisons of damping between modes, the strain under which the
damping was measured must be known. All responses were measured at the same
location for each group of trias (i.e., thin plate, thick plate B& K, thick plate U-D), but
the strain at thislocation will be different for each mode. Also for each group of trials,
the applied force was held constant (except for the fourth mode of the thick plate on the
U-D, as mentioned earlier). For the fourth mode, the strain can be determined for any

measured velocity from the strain-displacement curve developed for fatigue testing; see
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Fig. 53. Thiscurveis mode-specific, and cannot be used to relate strain and displacement
for any other mode.

Strain can be determined either by measuring it (using a strain gage) or by
calculating its value from a known response signal (velocity for vibrometer, acceleration
for accelerometer). To calculate strain, the relationship between strain and the measured
guantity must be known. This can be accomplished either by developing the relationship
in the laboratory, as was done to obtain the strain-displacement curvein Fig. 53, or
analytically, such as with afinite element model.

For the tests run on the B& K system, the response signal from the accelerometer
was not recorded. For the damping runs on the U-D system, the excitation force at the
base was recorded as an acceleration of the shaker table, and the velocity at resonance
was measured by the vibrometer at a point 1.5” from the clamp and 0.5” in from the side,
which corresponds to CQUAD4 element 123 in the finite element model. The finite
element model determined displacements and stresses relative to a maximum
displacement of 1.0 in the z-direction for each mode. Using the velocity measured at
element 123, the velocity at the maximum stress point can be found for each mode. As
stress and strain are related linearly by Y oung’s modulus, maximum strain occurs at
points of maximum stress. Knowing the velocity at a specified point, the relationship
between points on the test specimen for each mode, and the excitation force, the damping
values obtained from the testing can be related to each other.

For the fourth mode (first chordwise bend), the strain-displacement curvein Fig.
54 can be used to determine the strain from the vel ocities at each of the points where

damping was measured. Damping values were determined at 5, 10, and 20 g's. Fatigue
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tests on the uncoated plate were run at accelerations of 19 and 25 g's. Velocities at these
shaker table accel erations were about 230 mm/s and 285 mm/s, respectively.
Interpolating yields a velocity of about 240 mm/sat 20 g's. Asvelocity and acceleration
are related linearly, the velocity at 10 g's would be 120 mm/s. The microstrain at 120
mm/sis 1330. The microstrain at 240 mm/sis 2660. The microstrainat 5 g’'sis 665.
Plotting these strains versus the measured Q values yields a straight line; see Fig. 49.

In Fig. 49, the slope is extended to observe the coated plate points. At 10 g's, the thin
plate had a Q of 207. On this curve, a Q of 207 occurs at a microstrain of about 3300,
which trandlates to an acceleration of around 25 g's. Thus, the thin coated plate
dissipates the same amount of energy at an acceleration of 10 g's that the uncoated plate
would dissipate at 25 g's, assuming alinear relationship. While the curveislinear
between 665 and 2660 e, it will not be at low or high strain levels. More data points are
needed to characterize these areas of the curve.

Torvik, et al. (2002) found damping to be independent of frequency. In reviewing
the datain Figs. 42 and 48, damping is not constant, nor does it change as afunction
frequency. By examining the shapes of the curves, it is observed that the shapes are
similar regardless of the coating case; peaks and valleys occur in the same places. In
looking more closely at the specific modes, it is observed that the lowest amplitudes
(highest damping) occur at the 1%, 3, and 7" modes: the bending modes. The highest
amplitudes (lowest damping) are at the 2™ and 5™ modes: the torsion modes. Damping is

not related to the frequency, but can be related to the mode shape.
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Figure 32. Power Spectral Density and Coherence curves, uncoated thick plate,
room temperature, 0to 400 Hz.
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800 Hz.

71



= D L Fracyrsrs Farpomss H1E roe-oo Paord - sl Pl
whradary i gl FET S

# 8

BB B A ES

T 1 C R 1 0 ik 15 ik L 11 |.'|-__ 125 e 135 1.2 i 1IA T 158 1K L

Figure 34. Power Spectral Density, uncoated thick plate, room temperature,
1000 to 1400 Hz.

BT W e A Fugerw ¢ hrpor o HIE rror o Paredt b i prw e
Sty bl gl FTT S

R =O1Es 15 15 1M 1ER it 1M 1 1 15 1 » s e » EFmm 2B

I':igure 35. Power Spectral Density, uncoated thick plate, room temperature,
1400 to 2200 Hz.

72



Tk b

) B ]

Formparep Hppor s HE L sgra s S g gy Fidnand Yabiph
g e e TFT Ak ¥ o R U

l 1 | ) E=Eldka

.

HEmmnara e
[T T
Tt # el m (571 B
Dogmperg Algie = ST
Pscieai= L1H1 Brie

ke il b v P - b
g b by FFT Bt

A, i F1

Figure 36. Power Spectral Density and Coherence curves, thin coated thick plate,
room temperature, 0to 400 Hz.

R DB ] Frequency A egores 1 Erasreoo Pl - inpol Plagreiisis (T TR 1T ]

ey il gl - T Ao - ¥ = S R O el

b, 1 o N He

Fy

15 3 . |martam

3 1 H R

fvm
L 1 1 1 1 1 Demcad OOE
E L
ABynusangs
B 1 | | | 1 il 1 | | - | ey = ERA
Lol porwpibo el |

L L
164
18
O 1

=

L

p

L}

i
a4
.
&r
BE:
T

S e—

Figure 37. Power Spectral Density, thin coated thick plate, room temperature, 400
to 800 Hz.

73



LT T et Viramey Hemmwrse b7 F mpeerr, Foery i Haggressr
ivimy e by P b

L1} 1 ] 1l i

|

]

T @ A &

EIm OTEE 1A 1M 1 W OITE e dEOLEE 1TEE YW 1M TER BN ™ T s wE e |
i

Figure 38. Power Spectral Density, thin coated thick plate, room temperature, 1100
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Table 11. Damping values obtained from sine sweep procedur e, uncoated thick
plate.

Mode oy (H2) C Q
1 197.5 0.046 1,087
2 480.3 0.016 3,125
3 1202 0.188 266
4 1633 0.081 617
5 1742 0.043 1,163
6 3098 0.054 926
7 3487 0.198 253
8 3781 0.078 641
9 4121 0.196 255
10 5439 0.091 549

Table 12. Damping values obtained from sine sweep procedure, thick plate, thin
coating.

Mode wn (H2) G Q
1 198.6 0.055 909
2 490.3 0.021 2,381
3 1206 0.135 370
4 1653 0.074 676
5 1764 0.039 1,282
6 3142 0.127 394
7 3458 0.306 163
8 3823 0.189 265
9 4134 0.183 273

[EEY
o

5510 0.099 505
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Table 13. Damping values obtained from sine sweep procedure, thick plate, thick
coating.

Mode on (Hz) G Q
1 197.3 0.076 658
2 493.1 0.027 1,852
3 1212 0.124 403
4 1656 0.079 633
5 1778 0.046 1,087
6 3168 0.088 568
7 3474 0.339 147
8 3853 0.124 403
9 4137 0.137 365
10 5534 0.087 575

Table 14. Comparison of damping resultsfrom sine sweep procedure, thick plate.
A decreasein Q valueisan increase in damping.

uncoated thin coated thick coated
Mode Q Q % Decrease Q %Decrease
1 1,087 909 16.4% 658 27.6%
2 3,125 2,381 23.8% 1,852 22.2%
3 266 370 -39.3% 403 -8.9%
4 617 676 -9.5% 633 6.3%
5 1,163 1,282 -10.3% 1,087 15.2%
6 926 394 57.5% 568 -44.3%
7 253 163 35.3% 147 9.7%
8 641 265 58.7% 403 -52.4%
9 255 273 -7.1% 365 -33.6%
10 549 505 8.1% 575 -13.8%
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Figure 43. Power Spectral Density, U-D system, uncoated thick plate, mode 1.
Channel 2 (blueline) isvelocity.
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Figure 44. Power Spectral Density, U-D system, uncoated thick plate, mode 2.
Channel 2 (blueline) isvelocity.
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Figure 45. Power Spectral Density, U-D system, uncoated thick plate, mode 3.
Channel 2 (blueline) isvelocity.
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Figure 46. Power Spectral Density, U-D system, uncoated thick plate, mode 4.
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Table 15. Damping Values, Uncoated Thick Plate, Sine Sweep, Unholtz-Dickie
System

Shaker Table Sweep Rate velocity,
Mode Acceleration (g's) (Hz/min) y mm/s Q
1 1 5 196.9 771 239
1 5 5 196.1 1225 87
2 1 2 478.8 45.2 2,610
2 10 2 478.8 307 2,870
3 1 6.67 1,194 144 194
3 5 6.67 1,193 732 194
4 10 5 1,636 1145 796
4 20 10 1,637 87.5 381
5 1 5 1,736 79.2 1,983
5 10 5 1,735 620.7 1,486

Table 16. Damping Values, Thin Coated Thick Plate, Sine Sweep, Unholtz-Dickie
System

Shaker Table Sweep Rate velocity,

Mode Acceleration (g's) (Hz/min) Wy mm/s Q
1 1 5 194 345 103
2 1 25 487 11.6 1,102
2 10 25 485 56.9 542
3 1 8.33 1,189 95 116
3 10 8.33 1,170 781 100
4 10 7.5 1,633 44.6 207
4 20 10 1,625 78.3 185
5 1 4 1,753 315 641
5 10 6.5 1,745 135.1 244
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Table 17. Damping Values, Thick Coated Thick Plate, Sine Sweep, Unholtz-Dickie

System
Shaker Table Sweep Rate velocity,
Mode Acceleration (g's) (Hz/min) Oy mm/s Q
1 1 5 192 269 101
2 1 3 496 11.4 1,153
2 10 3 494 58.7 592
3 1 12.5 1,200 107 128
4 10 10 1,651 33.2 183
4 20 10 1,639 51.2 139
5 1 5 1,786 29.9 678
5 10 5 1,778 151 316

Table 18. Comparison of damping resultsfrom sine sweep procedure, thick plate,
Unholtz-Dickie System. A decreasein Q valueisan increase in damping.

Uncoated Thin coated Thick coated
Mode Q Q % Decrease Q % Decrease
1 239 103 56.8% 101 1.6%
2 2,610 1,102 57.8% 1,153 -4.6%
3 194 116 39.9% 128 -10.2%
4 796 207 74.0% 183 11.6%
5 1,983 641 67.7% 678 -5.7%
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Table 19. Effect of increased excitation force on damping. Damping valuesarein

Q; adecreaseindicatesincreased damping.

uncoated plate thin coated plate thick coated plate
increase increase increase
(+) or (+) or (+) or
first second decrease | first second decrease second decrease
mode run run (-) run run () firstrun  run ()
1 239 87 - 103 NA 101 NA
2 2,610 2,870 + 1,102 542 - 1,153 592 -
No
3 194 194 Change 116 100 - 128 NA
4 796 381 - 207 185 - 183 139 -
5 1,983 1,486 - 641 244 - 678 316 -

83




1200

1000

800

Damping

600

400

200

0 500 1000 1500 2000 2500 3000 3500 4000
Microstrain

Figure 49. Damping vs. strain curve, 1% chor dwise bend mode, thick plate.

Effect of Temperature on Damping. Prior to testing coated plates at temperature, a
baseline test was run on uncoated plates to verify the process. A thin uncoated plate was
set up for the sine sweep procedure in the oven. Two trials were run at room

temperature, then the oven temperature was raised to 275 F and three more trials were run
at this temperature. Resultsarein Tables 20 and 21, and are graphed in Fig. 50. The
graph shows that the results were repeatabl e between runs, but does not show a consistent
trend in damping. For some modes, the damping increases with the increase in
temperature, while it decreases for other modes. The inconsistency cannot be attributed

to changes in boundary conditions between runs, as the test specimen remained mounted



throughout this phase of testing. Looking more closely at the damping values obtained,
six of the 10 modes had Q values below 200 at room temperature. These values are
lower than had been seen in the previous test (see Table 7), where only three of the first
10 modes were below 200, indicating the clamp is dissipating more energy in thisrun
than it had previously. Asthese results were inconclusive, the test was not run for the
coated plates.

A second approach was taken for determining the effect of temperature on
damping. To avoid the problems experienced trying to get uniform and repeatable
boundary conditions in the mounting blocks, atrial was run utilizing a free-free-free-free
boundary condition. In the first test procedure, the cantilevered edge of the plate was
constrained in all six degrees of freedom. In this second method, the plate was free to
move in all six degrees of freedom along each edge. Thus, not only was the effect of the
variability of the boundary condition between runs eliminated, the effect of the boundary
condition on damping was eliminated also. The Q values obtained from the free-free-
free-free method are primarily the inherent damping properties of the material (although
losses due to the plate’ s interaction with the air in the chamber are still present), rather
than the material and clamping system.

The program was run with a temperature profile of 30 — 250 F, with data taken at
about 20 degree intervals. After the temperature stabilized at each test point, asine
sweep was run to 2000 Hz. A fast Fourier transform was conducted, and a power spectral
density was output. Although this sweep captured five resonance modes, only the fourth

mode was analyzed. The MATLAB program determined the peak, the -3 dB point, the
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frequency width at -3 dB, and calculated Q. The test was conducted on uncoated and
thick coated plates. Resultsarein Fig. 51.

General trends for both cases are the same. Damping is at a minimum at around
90-110 F, and increases as temperature increases or decreases from there. Between 100
and 200 F, the damping increases dramatically. Above 200 F, the temperature effect
dissipates, and even seems to cause damping to somewhat decrease. There are only afew
data points below 90 F, and they do not present a consistent pattern.

In comparing the two curves, it appears the coating causes a slight decrease in
damping at most temperatures. This includes room temperature, where it has been
previously demonstrated that the coating increases damping. In reviewing the specific
curves from which the Q values were determined, it is observed that the return signal
from the coated plate was very noisy, making calculationsimprecise. Thisis not the case
with the uncoated plate. See Figs. 52 and 53. The “halfpower” MATLAB anaysis
program was not able to correctly identify the endpoints of the bandwidth due to the
noiseinthesignal in Fig. 53. All other thick coated data points were similar. The curve
for the coated plate in Fig. 51 was not developed from the “ halfpower” calculated Q
values, but by manually moving the -3 dB points out to the edges of the band. This made
the estimate better, but with Q valuesin the thousands, small differencesin the changein
frequency can lead to large differencesin Q. This source of error, coupled with the small
difference between the curves, makes a comparison tenuous. The procedure needs to be

further refined.

86



Table 20. Damping Data, Thin Uncoated Plate, Room Temperature

Trial 1, Room Temp. Trial 2, Room Temp.
mode | Freq (Hz) € (%) Q Freq (Hz) & (%) Q

1 79 1450 34.48 79 1.450 34.48

2 197 0.513 97.47 189 1.230 40.65

3 505 0.373 134.05 502 0.297 168.35

4

5 761 0.134 373.13 760 0.130 384.62

6 1399 0.769  65.02 1398 1.050 47.62

7 1461 0.067 746.27 1465 0.077 649.35

8 1659 0.052 961.54 1660 0.098 510.20

9 1862 0.593 84.32 1871 0.864 57.87
10 2405 0.430 116.28 2406 0.440 113.64
11 2905 1.280 39.06 2911 1.100 45.45

Table 21. Damping Data, Thin Uncoated Plate, Elevated Temperature

Trial 1,275 F Trial 2, 275 F Trial 3, 275 F
mode | Freq (Hz) C (%) Q Freq (Hz) (%) Q Freq (Hz) L (%) Q
1 83 1.06 47.17 83 0.985 50.76 82
2 200 0.545 91.74 200 0.547 9141 200 0.548 91.24
3 516 0.361 138.50 516 0.342 146.20 516 0.308 162.34
4 726 0.344 145.35 726 0.292 171.23 727 0.390 128.21
5 771 0.195 256.41 771 0.200 250.00 772 0.193 259.07
6 1380 0.456 109.65 1380 0.449 111.36 1379 0.459 108.93
7 1517 0.511 97.85 1517 0.539 92.76 1518 0.600 83.33
8 1692 0.102 490.20 1693 0.103 485.44 1692 0.100 500.00
9 1847 0.088 568.18 1847 0.092 543.48 1847 0.091 549.45
10 2396 0.669 74.74 2395 0.658  75.99 2396 0.619 80.78
11 2952 0.618 80.91 2952 0.572 8741 2953 0.685 72.99
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Figure50. Damping vs. frequency, thin uncoated plate. Solid linesareroom
temperature values, dashed lines are elevated temperature.
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Fatigue

Fatigue testing was conducted on uncoated, thin coated, and thick coated 0.125” thick
plates, in the two-stripe mode.

Uncoated plate T-11 wastested first. Table 22 contains the data collected to develop
the strain-displacement chart, which is plotted asrun 1 in Fig. 54. Based on this curve,
the velocity needed to produce a strain of 4,800 pe (the velocity needed to fatigue
titanium in 1,000,000 cycles) was determined to be 493 mm/s. The SmartOSC feature of
the VWIN software was selected. The resonance frequency was set at 1630 Hz. The
clock was started, and the acceleration was increased until the target velocity was
reached. The acceleration at the target velocity was 66.76 g's. The frequency was varied
to maximize the amplitude; resonance was found at 1628.81 Hz. It took 2 minutesto
raise the acceleration and locate the resonance frequency. The velocity began falling
after 3:50; the frequency of the forcing function was reduced, and the amplitude of the
velocity was restored. After 5:56, the run was stopped, because the velocity could not be
maintained. The specimen was removed from the test apparatus and soaked in adye
penetrant. A crack was found near the center of the free edge; see Fig. 55. The plate had
fatigued. The run time was much less than the 10:20 expected. Only about 390,000
cycles were reached before the plate fatigued, rather than the 1,000,000 cycles

anticipated.
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Table22. Velocity, strain, and frequency at increasing acceler ation levels, two-
stripe mode, Plate T-11.

Shaker Table Displacement
Acceleration Velocity (mm) Strain  Drive Freq Freq
(g's) (mm/s)  (calculated) (ne) Volts (Hz) (rad/s)
0.52 5.7 0.00056 56 0.012 1631.32 10,249.89
1.05 10.9 0.00106 109 0.024 1630.82 10,246.74
1.48 15 0.00146 154 0.034 1630.82 10,246.74
2.08 21 0.00205 217 0.048 1630.82 10,246.74
2.94 29 0.00283 298 0.068 1630.82 10,246.74
3.7 37 0.00361 371 0.086 1630.32 10,243.60
5.24 52 0.00508 526 0.121 1630.32 10,243.60
6.6 65 0.00635 659 0.153 1630.32 10,243.60
8.35 81 0.00791 820 0.192 1630.32 10,243.60
10.56 99 0.00966 1005 0.242 1630.32 10,243.60
11.92 112 0.01094 1134 0.271 1629.82 10,240.46

The second specimen tested was uncoated plate T-10. A new strain-displacement
curve was generated for this specimen. Table 23 contains the data collected to develop
the strain-displacement chart, which is plotted asrun 2 in Fig. 54. The strain gage did not
fail as soon as the one for Plate T-11, so more data points were obtained. Compared to
the curve for T-11, the shapeis still fairly linear, but the slope is significantly higher; see
Fig. 54. AsPlate T-11 did not come close to reaching 1,000,000 cycles at 77 ks, it was
decided to obtain several data points at 1,000,000 cycles for stresses below 77 ks before
fatiguing Plate T-10. Table 24 shows the calculated strain and target velocities for four

different stress data points, the largest being the anticipated fatigue point. Strains were
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calculated from Hook’ s Law. Displacements were found from the slope of thelinein
Fig. 54 for each strain; velocities were determined by multiplying the displacements by
the resonance frequency.

For this specimen, the resonance frequency was determined from a sine sweep to
be 1622.9 Hz. Thisyieldsatest timeof 10:16. The 60 ksi test point was run first. A
velocity of 292 mm/s was reached at an acceleration of 31.15 g's. Resonance was found
at 1622.81 Hz. Shortly after the clock was started, the velocity climbed to 298 mm/s; as
thiswas still significantly less than the next test point, no adjustment was made. After
about 6 minutes, the velocity began to fall. The frequency of the forcing function was
lowered to try and maintain the amplitude. After about 40 seconds, the velocity could not
be maintained. The run was stopped. A sine sweep was run, and the resonance
frequency was found to have dropped to 1572 Hz. Resonant dwell was attempted at this
frequency, but after applying over twice the acceleration, the velocity had only risen to 83
mm/s. The plate was removed and soaked in dye penetrant. A crack was found near the
center of the free edge. See Fig. 55. The plate had fatigued after about 600,000 cycles, at

astress believed to be only about 80% of the fatigue stress.
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Table 23. Velocity, strain, and frequency at increasing acceler ation levels, two-
stripe mode, Plate T-10.

Shaker Table
Acceleration

(9's)

0.115
0.328
0.52
0.74
1.05
1.47
2.07
2.61
3.29
4.14
5.22
6.62
7.4
8.33
9.37
10.53
11.94
13.4
15.04
16.91
19.17

Velocity
(mm/s)

11
3

5
6.8
10
15
20.8
26
32
40
49
62
70
79
86
96
105
120
137
153
172

Displacement
(mm)
(calculated)
0.000107815
0.00029404
0.000490066
0.000666696
0.000980435
0.001470652
0.002039304
0.00254913
0.003137391
0.003921739
0.00480561
0.006080568
0.006865157
0.00774782
0.008434336
0.009415073
0.01030091
0.011772468
0.013440235
0.015009897
0.016879074
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Strain
(ne)

15
42
67
96
137
194
273
340
422
519
645
823
928
1033
1140
1252
1400
1576
1766
1941
2180

Drive
Volts

0.003
0.008
0.012
0.017
0.024
0.034
0.048
0.061
0.076
0.096
0.121
0.153
0.171
0.192
0.216
0.242
0.271
0.304
0.342
0.383

0.43

Freq
(Hz)
1623.81
1623.81
1623.81
1623.31
1623.31
1623.31
1623.31
1623.31
1623.31
1623.31
1622.81
1622.81
1622.81
1622.81
1622.81
1622.81
1622.31
1622.31
1622.31
1622.31
1621.81

Freq (rad)

10202.699
10202.699
10202.699
10199.558
10199.558
10199.558
10199.558
10199.558
10199.558
10199.558
10196.416
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Table24. Strain and target velocity for given stresslevels, Plate T-10.

Stress Strain Velocity

(ksi) (ue) (mm/s)
60 3,750 292
65 4,063 316
70 4,375 340
77 4,800 373

The first two tests resulted in failures at points far short of expectations. Either
the material was not behaving as expected, or the strain being generated was higher than
desired. For thethird test, it was decided to begin with alow stress, and climb toward the
fatigue stress.

Uncoated plate T-12 was strain gaged for two-stripe mode. A sine sweep was run
to determine its resonance frequency for the two-stripe mode. The sine sweep indicated
resonance was at o, = 1634.8 Hz, Q = 990.4. A strain-displacement curve was generated
in the same manner as for the other two uncoated plates; the datais recorded in Table 25.
The curve was linear; its slope fell between the ones generated for plates T-10 and T-11;
see Fig. 48. Timeto reach the target 10° cycles was 10:12.

Thetarget stress for the first run was 20 ksi. To achieve this stress, avelocity of
120 mm/s was needed. Thiswas reached with an acceleration of 11.49 g's. The
resonance frequency was at 1633.3 Hz. The target time of 10:12 was reached without
failure. Runsof 30, 40, and 50 ksi were aso run without failure. The next run was
targeted at avelocity of 350 mm/s, which tranglates to a stress of 65 ksi. An acceleration
of 35.59 g'sinitially reached this velocity, but as the laser was reflecting off of a

vibrating plate, the reading varied considerably. What initially appeared to be a
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fluctuation of 350-360 mm/s climbed to 380-390 mm/s after about a minute; by 3
minutes, the velocity wasin the 400-410 range. Between the 5 minute mark and the end
of the run, the velocity was much steadier, holding between 420 and the 430s. For the
run, the average velocity was estimated to be around 420 mm/s, which tranglates to a
stress of about 74 ksi. The next run was conducted at the next voltage increment, which
resulted in an acceleration of 40.32 g's and a velocity of 440-460 mm/s. After about 4
minutes the velocity began to fall. The frequency was reduced to try and relocate the
dropping resonance condition. At 4:35, resonance was located at 1627.8 Hz, but the
magnitude of the velocity was 158 mm/s. The plate had fatigued.

The fatigue stress was determined by interpolating between the stress at failure

and the last known data point:

Op=0y+—I(0; -0, (20)

where

oa = aternating stress

opr = previous stress (the stress at the previous successful run)

N¢ = cycles at failure

N = target number of cycles

of = Stress at failure.

(Maxwell, 1998)

Using this method, the fatigue stress for the uncoated plate was determined to be 76.4 ks,
which iswithin areasonable margin of error of the accepted value of 77 ksi. Asthistest

produced results close to the expected results, the strain-displacement curve for this plate
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is probably more accurate than the other two, which produced results unexpected when
considering the accepted fatigue stress value. Additionadly, if the Run 3 strain-
displacement curve is accurate, the velocity used to fatigue Plate T-11 in 390,000 cycles
generated a stress of about 87 ks, rather than the 77 ksi intended, which explains the

premature failure of this plate. This does not explain the early failure of Plate T-10.

Table 25. Velocity, strain, and frequency at increasing acceler ation levels, two-
stripe mode, Plate T-12.

Shaker Table Displacement
Acceleration  Velocity (mm) Strain Drive Freq Freq
(g's) (mm/s) (calculated) (ne) Volts (Hz) (rad/s)
0.11 1.35 0.000131 15 0.002 1635.32 10275.02
0.157 1.9 0.000185 21 0.003 1635.32 10275.02
0.198 2.4 0.000234 27 0.004 1635.32 10275.02
0.249 3 0.000292 34 0.005 1635.32 10275.02
0.315 3.7 0.000360 42 0.007 1635.32 10275.02
0.397 4.8 0.000467 52 0.009 1635.32 10275.02
0.499 5.9 0.000574 66 0.011 1635.32 10275.02
0.628 7.7 0.000750 84 0.014 1634.82 10271.88
0.8 10 0.000974 107 0.017 1634.82 10271.88
1 12 0.001168 136 0.022 1634.82 10271.88
1.26 15 0.001460 170 0.027 1634.82 10271.88
141 17 0.001655 192 0.03 1634.82 10271.88
1.78 21 0.002044 239 0.038 1634.82 10271.88
1.99 24 0.002336 266 0.043 1634.82 10271.88
2.23 26 0.002531 295 0.048 1634.82 10271.88
251 29 0.002823 326 0.054 1634.82 10271.88
2.85 34 0.003311 373 0.061 1634.32 10268.74
3.2 38 0.003701 418 0.068 1634.32 10268.74
3.58 42 0.004090 474 0.076 1634.32 10268.74
4.02 47 0.004577 529 0.086 1634.32 10268.74
4,51 53 0.005161 591 0.096 1634.32 10268.74
5.06 59 0.005746 653 0.108 1634.32 10268.74
7.17 78 0.007596 867 0.153 1634.32 10268.74
9.07 91 0.008862 1030 0.192 1634.32 10268.74
10.25 110 0.010715 1224 0.216 1633.82 10265.59
11.51 122 0.011884 1353 0.242 1633.82 10265.59
12.94 133 0.012956 1485 0.271 1633.82 10265.59
14.57 147 0.014320 1630 0.304 1633.82 10265.59
16.55 174 0.016955 1890 0.342 1633.32 10262.45
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Figure54. Strain vs. displacement, two-stripe mode, thick plate. Run 1isPlateT-
11, run 2isPlate T-10, run 3isPlate T-12.

Thin coated plate T-3 was tested using the same method as T-12. A sine sweep
was run, and resonance was found at 1628.7 Hz at 10 g's, with Q = 233. The strain-
displacement curve developed for Plate T-12 was used, with the displacement calculation
altered to account for the change in frequency between T-12 and T-3. Accelerations were
applied to reach the same velocities as with the uncoated plate. Thefirst test point was at
astress of 20 ks, velocity of around 120 mm/s. For the uncoated plate, this stress was
reached at an acceleration of 11.49 g's, for Plate T-3, it took 31.07 g's. The target
1,000,000 cycles was reached without failure. Test points at 30 ksi and 60 to 65 ksi were
achieved successfully. The next test point attempted was ¢ = 75ksi, v = 425 mm/s. An

acceleration of 65.10 g's was needed to achieve this velocity. The 10° cycles were
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completed. The plate failed 5:50 into the next run at 90 ksi, 69.23 g's. The plate was
inspected, and no damage to the coating was visible. The 5:50 run time completed about
556,500 cycles. Interpolating the stress data results in a fatigue stress of 83.3 ksi, slightly
higher than that calculated for the uncoated plate. Using the same interpolation formula
to determine the acceleration at fatigue yields an acceleration of 38.39 g'sfor the
uncoated plate, and 67.4 g’ s for the thin coated plate, for an increase of 80%.

Thick coated plate T-7 was tested in the same manner. From the sine sweep, o,
was found to be 1610 at 10 g's, and Q was 245, dlightly lower than the 284 found for the
thin coated plate. The strain-displacement curve for Plate T-12 was used, with revised
resonance frequencies substituted into the displacement equation. The first test point was
o =40 ks, target velocity of 220 mm/s. The velocity was achieved at an accel eration of
67.68 g's, but the resonance frequency had dropped to 1574.8 Hz. The next point was
around 70 ksi, velocity around 100 mm/s, a= 84.24 g's. After completing the target
cycles, the acceleration was increased to 87.06 g's, resulting in avelocity of 450 mm/s
and astressof 82 ksi. A visual inspection was conducted after the target cycles were
completed. A section of the coating was missing, exposing an area of bare metal, 1/3” x
2/3" on the top surface in the high strain area where the strain gage had been placed on
the uncoated plates, see Fig. 56. Asthe plate had not failed, the test continued. The
target cycles were completed for test points at 108 and 130 ksi, with accel erations of
118.1 and 119.5 g's, respectively. The plate failed after 527,000 cyclesat 175 ksi,. The
acceleration at this point was 133.2 g's. Interpolation yields a fatigue stress of 153,700

psi, and an acceleration at this stress of 126.7 g's. Visual inspection following the test

98



showed that the uncoated section on the top surface had grownto 1 ¥4" x %%, and a small
section on the underside had also lost some coating.

While the fatigue stress is twice what is expected, the force required to reach
fatigue should be sufficiently accurate for use in comparison with the other specimens.
The stress value is calculated based on the velocity as measured by the laser, which is
located near anodeline. The velocity gradient is steep in this region, so aslight
misalignment of the laser could result in sizable errorsin the velocity reading. The finite
element model can provide someinsight. Inthe model, elements are 0.225” x 0.225”.
The laser target was in CQUADA4 element 123, which extended from 0.45” to 0.675” in
from the left edge of the plate. The previous and following elementsin the x-direction
were elements 122 and 124. The program results included relative displacements.
Trangdations in the z (thickness) direction for the fourth mode for elements 122, 123, and
124 are -0.0653, -0.0230, and 0.0212, respectively (no units). Thus, having the laser
aligned .225” too far towards the edge results in a displacement error of 184%; having the
laser aligned .225” too far in from the edge results in a displacement error of 192%. As
velocity is related to displacement by the frequency at which the test is run, and the
frequency is not affected by the laser misalignment, the velocity error is the same as the
displacement error. For laser misalignment to have caused the 100% error observed in
the thick coated plate trial, the laser only needed to be off by 1/8” in the x-direction.

As each new plate is mounted, the laser must be realigned. Care istaken to place the
laser target as near to the 3.0” x 0.5” point as possible, but these are hand measurements,

and are not very precise. A 1/8” error is quite possible.
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The accelerometer, however, has been constant throughout the series of tests.
Nothing has been atered that would affect the accelerometer readings between runs. The
thick plate did complete 1,000,000 cycles at an acceleration of 119.5 g's, and failed after
527,000 cyclesat 133.2 g’'s. Thus, the acceleration at the fatigue stressis between 119.5
g'sand 133.2 g's. Interpolation yieldsavalue of 126.7 g's. Thisis 88% higher than the
acceleration (and, equivaently, force) at the fatigue stress for the thin coated plate, and
238% higher than the uncoated plate. Thus, at 10° cycles, the thin coated plate can
withstand aforce 1.8 times as great as the uncoated plate, the thick coated plate can
withstand aforce 1.88 times as great as the thin coated plate, and the thick coated plate
can withstand aforce 3.38 times as great as the uncoated plate.

A second procedure was run, to determine the increase in the life of the coated
specimen over the uncoated specimen at a given applied force. Thin coated plate T-2 was
excited at the force required to fatigue the uncoated specimen at 10° cycles. From the test
conducted on Plate T-12, the accel eration needed to apply thisforcewas 37.48 g's. An
acceleration of 38 g'sor greater was applied to T-2, and the time to fail was measured,
which could be converted back to cycles. A sine sweep was run at 10 g'sto locate the
resonance frequency. The frequency was found to be 1641.6 Hz, and Q was calculated as
256. The test specimen was accelerated to 39.33 g's, resulting in avelocity of 79-80
mm/s. After about 7:00, the velocity had fallen into the low-70s. The frequency was
adjusted to maximize the magnitude. The frequency was reduced 8.5 Hz, and the
maximum velocity was found to be 100-110 mm/s, much higher than previously attained.
However, the acceleration at this point was 37.10. The voltage to the system was

increased, bringing the acceleration up to 40.51, and the velocity to 120-130. Frequency
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was adjusted several times over the next few minutes, trying to locate the resonance
point. By 17:00, the velocity had peaked at about 150 mmy/s. The cycles accumulated
after thistime were counted. At 31:00, the acceleration had dropped to around 38, so the
voltage was again increased. The resulting acceleration was 42.89 g's, and the vel ocity
was 165-180 mm/s. For the remainder of the time, the acceleration was above 41 g's,
and the velocity was mostly in the 180 mm/srange. The test was stopped after 70:00 on
the clock. Subtracting off the 17:00 it took to reach a steady state resonance condition,
the plate was at resonance for 53:00. It accumulated over 5,000,000 cycles at aforce

greater than that which would fatigue an uncoated plate in 1,000,000 cycles. Thus, the

thin mag spinel coating increases the life of titanium by over 5 times.

Figure55. PlatesT-10 and T-11, after fatiguetest. Bright areasarethecracks. The
cracksarenot visible with the naked eye; the specimens have been treated with a
dye penetrant, and are viewed under an ultraviolet light.
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Figure56. Thick-coated Plate T-7 in mounting blocks on 6k Unholtz-Dickie shaker,
after completing 10° cyclesat 82 ksi. A section of coating has flaked off in the high
strain region along the free edge.
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V. Conclusions and Recommendations
Boundary Conditions

The greatest challenge in the setup of the equipment was in getting consistent
boundary conditions, both in getting a consistent plate length and a consistently rigid
bond between the clamping system and the plate. Plate length variations were evidenced
in changes in resonance frequencies between runs. The most obvious example of poor or
inconsistent clamping was seen by increases in damping.

The difficulty in getting the plate length to be exactly 4 2" was that the
measurements were done by hand using aruler. Measurements were taken along both
sides to minimize the error. Plate lengths were estimated to be within /32" of the target.
This variation was not viewed as a mgjor source of error.

Several approaches were used to maximize the rigidity of the clamping of the test
specimens. The application of double-sided tape to the clamped portion of the plate did
not have a noticeable effect. Set screws were added to the system. Set screws go through
one of the mounting blocks, and are turned against the plate to help hold the plate. This
seemed to improve the clamping of the thick plate, but the thin plate did not go far
enough into the mounting blocks to reach the set screws. One trial was run loading the
thin plate directly into the vise, without the use of the mounting blocks. While thisdid
provide a better hold, the fear was the sharp corner of the vise jaw against the plate would
result in a stress concentration along this boundary (the mounting block edges are
rounded for this reason). The best methodology for the thick plate seemed to be the
mounting blocks with the set screws. The thin plates were a problem due to insufficient

areafor clamping (one inch deep into the blocks, versus two inches for the thick plate).
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Damping

For the thin plate using the Bruel & Kjaer system, the thin coating provided
increased damping over the uncoated plate for 10 of the 12 modes tested. For 8 of these
10 modes, the damping increase was 9.5% or better, and for 6 modes, it was over 25%.
The thick coat provided better damping than the thin coat for all 10 modes for which they
each had a common mode. Eight of the 10 modes had an improvement of better than
20%, and 6 modes had an improvement of over 40%.

The results of the thick plate damping tests were inconclusive using the B&K (air
horn) system. For some modes, the coatings caused the damping to increase, for others
the damping decreased with the addition of the coating. Results may have been better
had slower sweep rates been used. However, results were very consistent using the
Unholtz-Dickie (shaker table) system. For each of the five modes tested, damping
increased by at least 40% with the addition of the thin coating over the uncoated plate.
The thick coating provided increased damping over the uncoated plate, but only provided
improved damping over the thin coated plate for two of the five modes tested.

The Q values obtained for the thick plate were much higher than those obtained
for the thin plate. Thisisquitelikely duein large part to the thick plate having a longer
areato clamp (2", vs. 1” for the thin plate). The longer clamp area permitted a more rigid
boundary, eliminating some of the damping provided by aless than ideal boundary
condition.

For the thick plates, more damping was seen while using the Unholtz-Dickie

system than the B&K system. It is quite likely that damping is a function of the applied
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force. Astheforce applied by the shaker was greater than that applied by the air horn in
the B&K system, the plates experienced more damping in the U-D system.

For any given plate, damping is not a constant at all frequencies, nor isit a
function of frequency. Damping appears to be related to mode shape. The bending
modes have the lowest Q values (greatest damping), and the torsion modes have the
highest Q values. The chordwise bending modes are in the middle.

Temperature affects damping. Both the uncoated and thick coated plates had a
significant increase in damping between 100 and 200 F. The damping stayed relatively
level above 200 F. There was not a sufficient amount of quality data collected to reach

any conclusions regarding the effect the coating has on damping as temperature varies.

Fatigue

In the first chordwise bend mode, the thin coating increases the force titanium can
withstand at fatigue stress by 80%. The thick coating provides an increase of 88% over
the thin coating, and 238% over the uncoated plate. At an equivalent applied force, the
thin coated plate did not fail after five times the life of the uncoated plate. Thus, the thin
mag spinel coating provided improved performance over the baseline bare titanium plate,
and the thick coating provided better performance than the thin coating. However, the
thin coating remained bonded to the plate under high stress, while high stress caused a

section of the thick coating to separate.
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Recommendations

All damping trials conducted in this work were related to each other. It would be
worthwhile to relate damping values to the applied force. The accelerometer reading
could be converted to force, but afinite element model would be needed to relate this
single point reading to other locations on the test specimen.

The relationship between the amplitude of the acceleration of the shaker and the
damping of the plate should be explored further.

Much work can be done regarding the effect of temperature on the damping and
fatigue of mag spinel-coated titanium. The free-free-free-free procedure should be
explored further. An oven has been installed which can be used in conjunction with the
Unholtz-Dickie 6,000 Ib. shaker, but the test specimens used in this work would not fit.
Smaller test articles would need to be used.

The fatigue data collected here was only for one mode. Other modes should be
investigated as well.

Only two coating thicknesses were investigated, one of which separated under

high stress. More work should be done to determine the optimal coating thickness.
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Appendix A: Finite Element Model Input Data, Thin Plate

NASTRAN

ID MECH644,
SOL 103
TIME 10
CEND

18
19
20
21
22
23
24
25
26
27

28

IVANCIC

COMMAND

Co

UNT

10-

11-

EXECUTIVE

CASE

$

TITLE = NATURAL MODES, TITANIUM PLATE

SUBTIT = 4 1/4™ X 4 1/4" X .050"

$

$LOAD = 20

METHOD = 30

SPC = 2

$

DISP(SORT2,PHASE) = ALL

STRESS(SORT2,PHASE) = ALL

LINE=9999

$

BEGIN BULK
INPUT BULK DATA ENTRY COUNT

SORT
.01 .. 2 .. 3 ..
.. 10 .

CQUAD4 1 1 1
CQUAD4 2 1 2
CQUAD4 3 1 3
CQUAD4 4 1 4
CQUAD4 5 1 5
CQUAD4 6 1 6
CQUAD4 7 1 7
CQUAD4 8 1 8
CQUAD4 9 1 9
CQUAD4 10 1 10
CQUAD4 11 1 11
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Appendix B: MATLAB “halfpower” Code

function [wn,Q] = halfpower_m(filename,FRF_form,w_start,w_stop);

% [wn,Q] = halfpower_m(filename,FRF_form,w start,w_stop);

%

% halfpower - identify damping from half power points

% manual user selection of peaks

% FRF data assumed to be in file with _frf extension

% iF Filename = [] (default), select Ffile with dialog box

% else filename is path and filename of .frf file to be loaded
% IF FRF_form O(default), assumed form [freq mag phase(rad)]
% I FRF_form 1, assumed form [freq real imag]

% iF FRF_form 2, assumed form [w FRF(complex)]

% IF tmps = 1, select .tmps file and curvefit multiple FRFs

% TAKE IN AN FRF

if nargin < 1 | isempty(filename) == 1;
[name, path] = uigetfile("*.frf");
eval(["cd " path]);
FRF = load(name);

else
FRF = load(filename);

end

% INPUTS
iT ((nargin < 2) | (FRF_form == []));
FRF_form = 0O;

end

if nargin < 3 | w_start == [] | w_stop == [];
w_start = O;
w_stop = 1elO;

end

% CHECK FOR NEW FILE FORMAT
[r,c] = size(FRF);

ifc==2
wo = FRF(1,1);
dw = FRF(1,2);
FRE(1,:) = [1;
w = w0 + dw*(0: (length(FRF)-1));

col 1 =1;
else

w = FRF(:,1);

col 1 = 2;

end

% CHECK FOR FRF FORMAT
iT ((FRF_form == 0) | (isempty(FRF_form) == 1))
Rm = FRF(:,col_1);
elseif FRF_form == 1
Rm = abs(FRF(:,col_1)+jJ*FRF(:,col_1+1));
elseif FRF_form ==
Rm = abs(FRF);
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else

error("You messed up FRF_form®);
end
clear FRF

% GET TRUNCATED MAGNITUDE FRF
if w_start < min(w)
w_start = min(w);
end
it w_stop > max(w)
w_stop = max(w);
end
[i]=Find(w(:,1)<w_start | w(:,1)>w_stop);
w(i)=[1;
Rm(i, :)=[1;

% USER GRAPHICALLY SELECTS PEAKS WITH MOUSE

Good = "n";

disp("Pick the Peaks. One mouse click per peak. Return when done.")

while Good == "n
figure;plot(w,20*10g10(Rm), "b-");
[maxima y] = ginput;

% REVISED PEAK FREQUENCIES BASED ON ACTUAL (UNSMOOTHED) DATA
search = 0.05;
w_start = maxima - search*maxima;
w_stop = maxima + search*maxima;
for n = 1:length(maxima)
[y i_start(n)] = min(abs(w - w_start(n)));

[y i_stop] = min(abs(w - w_stop(n)));

[y max_index(n)] = max(Rm(i_start(n):i_stop));

end
peaks_index = i_start + max_index-1;
peaks = w(peaks_index);

% HOW DID 1 DO?
hold on;plot(peaks,20*1ogl0(Rm(peaks_index)),"ro");
title("Revised Peak Frequencies®);

% DEFINE BANDS

Low = .5*Rm(peaks_index);
High = 1*Rm(peaks_index);
for n = 1:length(peaks)

% FIND POINTS 50% OF PEAK ON EITHER SIDE (wll - low point, low side
of peak)

% IN ORDER OF FREQUENCY: [wll_i whl_i whh_i wlh_i]

up = Rm(peaks_index(n):end) - Low(n);

wlh_i(n) = min(fFind(diff(sign(up)))) + peaks_index(n);

down = Rm(1:peaks_index(n)) - Low(n);

wll_i(n) = max(Find(diff(sign(down))));

% REMOVE NON-MONOTONIC MEMBERS

wl = w(wll_i(n):peaks_index(n));
RI = Rm(wll_i(n):peaks_index(n));
wh = w(peaks_index(n):wlh_i(n));
Rh = Rm(peaks_index(n):wlh_i(n));
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while isempty(fFind(diff(R1)<=0))==0 | isempty(find(diff(Rh)>=0))==

nm = Find(difF(R1)<=0);

RI(nm+1) = [1;

wl(nm+1) = [];

nm = Ffind(diff(Rh)>=0);

Rh(nm+1) = [];

wh(nm+1) = [1;

end

% INTERPOLATE BETWEEN O.5*PEAK AND 1*PEAK TO FIND .707*PEAK
wl(n,1) = interpl(RIl,wl,0.5*sqrt(2)*Rm(peaks_index(n)));
w2(n,1) = interpl(Rh,wh,0.5*sqrt(2)*Rm(peaks_index(n)));

% PLOT HALF POWER POINTS
hold on;plot([wl(n);
w2(n)],20*10g1l0(0.5*sqrt(2)*Rm(peaks_index(n))), "kx");
end

% IDENTIFY DAMPING AND NATURAL FREQUENCY
wr = w(peaks_index)";

Q=wr./(w2 - wl);

zeta = 0.5./Q;

wn = wr./sqrt(1-2*zeta.n2);

wn = wn*

Q=Q"

zeta = zeta“;

Good
end

input("Good? y or n ","s");
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